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SUMMARY (EXTENDED ABSTRACT) 
We r e p o r t  t he  f i r s t  use o f  a ( s i l i c o n ) / ( h e a v i l y  doped p o l y s i l i c o n ) /  
(meta l )  s t r u c t u r e  t o  replace t h e  conventional h igh- low j u n c t i o n  ( o r  back- 
s u r f a c e - f i e l d ,  BSF) s t r u c t u r e  o f  s i l i c o n  s o l a r  c e l l s .  
back-ohmic-contact c o n t r o l  samples, t h e  p o l y s i l  icon-back s o l a r  c e l l s  show 
improvements i n  red spec t ra l  response and o p e n - c i r c u i t  vol tage. Measurement 
revea ls  t h a t  a decrease i n  e f fec t i ve  sur face recombinat ion v e l o c i t y  S i s  
responsib le  f o r  t h i s  improvement. Decreased S r e s u l t s  f o r  n-type (S i  :As) 
p o l y s i l i c o n ,  cons i s ten t  wi th past f i nd ings  f o r  b i p o l a r  t r a n s i s t o r s ,  and f o r  
p-type (Si:B) p o l y s i l i c o n ,  reported here f o r  t h e  f i r s t  t ime. 
present po l ys i l i con -back  s o l a r  c e l l s  a re  fa r  from opt imal ,  the r e s u l t s  suggest 
a new c lass  o f  designs f o r  h igh e f f i c i e n c y  s i l i c o n  s o l a r  c e l l s .  
t echn ica l  reasons are advanced t o  support t h i s  view. 
Compared w i t h  RSF and 
. 
Though t h e  
D e t a i l e d  
We present the  r e s u l t s  of an experimental study designed t o  explore b o t h  
qual i t a t i v e l y  and q u a n t i t a t i v e l y  t h e  mechani sm o f  t he  improved cu r ren t  ga in i n  
b i p o l a r  t r a n s i s t o r s  w i t h  p o l y s i l  icon e m i t t e r  contact .  
were deposi ted and annealed a t  d i  f f e r e n t  condi t i  qns . 
P o l y s i l i c o n  con tac ts  
The e l e c t r i c a l  
p r o p e r t i e s  were measured us ing p/n j u n c t i o n  t e s t  s t r u c t u r e s  t h a t  are much more 
s e n s i t i v e  t o  the  contact  p roper t i es  than are b i p o l a r  t r a n s i s t o r s .  A s imple 
phenomenological model was used t o  c o r r e l a t e  the  s t r u c t u r a l  p r o p e r t i e s  w i t h  
e l e c t r i c a l  measurements. Poss ib le  t ranspor t  mechanisms are examined and 
conjectures are made about'-upper bounds on t r a n s p o r t  parameters i n  t h e  
p r i n c i p l e  regions o f  the devices. The main conclus ion of t h i s  study i s  t h a t  
t h e  m i n o r i t y  c a r r i e r  t r a n s p o r t  i n  the p o l y c r y s t a l l i n e  s i l i c o n  i s  dominated by 
a h i g h l y  d isordered l a y e r  a t  t he  P o l y s i l  icon-monosi 1 i c o n  i n t e r f a c e  
cha rac te r i zed  by very low m i n o r i t y - c a r r i e r  m o b i l i t y .  
recombinat ion v e l o c i t y  a t  t he  n+ p o l y s i l i c o n  - n+ monosi l icon i n t e r f a c e  was 
The e f f e c t i v e  
i v  
found t o  be a s t rong func t ion  o f  f a b r i c a t i o n  cond i t ions .  
t h a t  t h e  recombinat ion v e l o c i t y  can be much smal le r  than lo4 cm/sec. 
The r e s u l t s  i n d i c a t e  
The decay o f  excess c a r r i e r s  induced i n  a semiconductor sample by a l a s e r  
pu lse  i s  studied. 
dependence o f  the  ho le -e lec t ron  generat ion r a t e  provoked by t h e  l a s e r  beam. 
The e f f e c t  of sur face recombination can be minimized by w a i t i n g  u n t i l  t h e  
response drops t o  about one-percent o f  i t s  i n i t i a l  value. The accuracy o f  
photoluminescence decay measurements o f  Auger l i f e t i m e  i s  examined i n  view o f  
t h i s  and o ther  c r i t e r i a  developed here. 
The decay r a t e  is proved t o  be independent o f  t h e  s p a t i a l  
The a c t i v a t i o n  behavior  o f  the m i n o r i t y - c a r r i e r  m o b i l i t y  and d i f f u s i v i t y  
i n  h e a v i l y  doped (- lo2' c13'~) S i  (Si:As) i s  i n v e s t i g a t e d  i n  t h e  temperature 
range, 20 K t o  350 K. Experimental r e s u l t s  i n d i c a t e  t h a t  ho le  t r a n s i t i o n s  
between t h e  valence band and loca l i zed  shal low s ta tes  g i ve  r i s e  t o  t h e  
observed behavior. The a c t i v a t i o n  energy i s  about 10 meV, which suggests t h a t  
t h e  l o c a l i z e d  s ta tes  o r i g i n a t e  from band t a i l s  b u t  does no t  r u l e  ou t  t rapp ing  
a t  boron atoms i n  the compensated n+ region. 
Photoconductive decay provides a method f o r  es t ima t ing  recombinat ion 
l i f e t i m e  i n  semiconductors. It often e x h i b i t s  a s i n g l e  c h a r a c t e r i s t i c  t ime. 
For samples hav ing 1 arge recombination-center dens i t i es ,  prev ious experiments 
i n d i c a t e  t h a t  t h i s  c h a r a c t e r i s t i c  time can cons iderab ly  exceed t h e  steady- 
s t a t e  l i f e t i m e .  
r e s u l t s .  The exp lanat ion  invo lves  the  e f f e c t  on the o v e r a l l  photoconduct ive 
decay o f  t h e  m u l t i p l e  c h a r a c t e r i s t i c  t imes t h a t  descr ibe t rapp ing  and 
We present apparent ly t h e  f i r s t  exp lanat ion  o f  these 
recombinat ion through < -  bound s ta tes  f o r  v a r i a t i o n s  o f  the e lect rochemical  
p o t e n t i a l s  t h a t  are small  r e l a t i v e  to  the  thermal vol tage. 
A r e c i p r o c i t y  theorem i s  presented t h a t  r e l a t e s  the shor t  c i r c u i t  cu r ren t  
o f  a device,  induced by a c a r r i e r  generat ion source, t o  t h e  m i n o r i t y  c a r r i e r  
V 
Fermi level in the dark. The basic relation i s  general under low inject ion.  
I t  holds for  three dimensional devices with p o s i t i o n  dependent parameters 
(energy gap, electron a f f in i ty ,  mobility, e t c . ) ,  and for t ransient  o r  steady- 
state conditions. This theorem allows calculation of the internal q u a n t u m  
efficiency of a solar cel l  by using the analysis o f  the device i n  the da rk .  
Other applications could involve measurements of various device parameters, 
in te r fac ia l  surface recombination velocity a t  a polycrystal 1 ine si1 icon 
emitter contact,  for example, by using steady-state o r  t ransient  photon  or 
mass- pa r t  i cl e rad i a t  i on. 
A new method for accurate measurement o f  minori ty-carr ier  diffusion 
coeff ic ients  i n  s i l icon i s  described. The method i s  based on a d i rec t  
measurement of the minority-carrier t r a n s i t  time through a narrow region of 
the p-n junction diode. The minority-carrier mobility i s  obtained from the 
diffusion coefficient using the Einstein relat ion.  The method i s  demonstrated 
on low-doped n- and -p-type Si (dopings - ~ m ' ~ )  and i s  compared with the 
l i t e r a t u r e  data for the majority-carrier mobili t ies.  The resu l t s  show t h a t  in 
low-doped Si the electron minority- and -majority-carrier mobili t ies are  
comparable, b u t  the hole minority-carrier mobility i s  s ignif icant ly  higher 
(- 30%) t h a n  the corresponding majority-carrier value. 
earl  i e r  data of Dzi ewior and Si 1 ber . 
The resul ts  confirm 
I 
CHAPTER ONE 
INTRODUCTION 
This  annual repo r t  descr i  bes t echn i  c a l  f i n d i  ngs r e s u l  t i ng from JPL 
con t rac t  956525 f o r  t h e  per iod  June 24, 1984 t o  June 23, 1985. 
The purpose of t h i s  con t rac t  i s  t o  assess t h e  s ta tus  o f  c r i t i c a l  
parameters desc r ib ing  heav i l y  doped s i  1 i c o n  , t o  i n t e g r a t e  t h i s  assessment i n t o  
an e f f o r t  a iming toward determinat ion o f  these parameters and t h e i r  
i nco rpo ra t i on  i n  s i l i c o n  so la r  c e l l  design, and t o  develop associated 
measurement methods. 
doped p o l y s i l i c o n ,  p a r t i c u l a r l y  t o  i t s  use as a quasi -b lock ing contact  a t  
The i n t e r e s t  i n  h e a v i l y  doped s i l i c o n  extends t o  h e a v i l y  
s u r f  aces. 
doped s i l i c o n ,  which t y p i c a l l y  adjoins h e a v i l y  doped l a y e r s  i n  s i l i c o n  s o l a r  
c e l l s .  
It extends a1 so t o  measurement methods designed t o  exp lo re  d i  1 u t e l y  
Professors Fred A. Lindholm and Arnost Neugroschel o f  the  E l e c t r i c a l  
Engineer ing Department o f  t h e  Un ive rs i t y  o f  F1 o r ida  serve as p r i n c i p a l  
i n v e s t i g a t o r s  f o r  t h i s  cont rac t .  Several graduate s tudents have p a r t i c i p a t e d  
s i g n i f i c a n t l y  i n  the  conduct o f  the research: 
K. Misiakos, and 3. S. Park. 
M. Arienzo, B. Y. Hwang, Y. Komen, R. Issacson, M. Sp i t ze r  and Professors P. 
T. Landsberg and C. T. Sah. 
T. W. Jung, 3. J. L iou,  
Other c o l l a b o r a t o r s  have inc luded Peter  I l e s ,  
I n  the  b r i e f  d e s c r i p t i o n  t o  f o l l o w  p resen t l y  concerning the  content  of 
t h e  chapters o f  t h i s  repor t ,  some o f  these people named above are  i nd i ca ted ,  
through t h e  appearance o f  t h e i r  i n i t i a l s ,  as p r i n c i p a l  c o n t r i b u t o r s  t o  t h e  
chapter b e i  ng descr i  bed . 
P r i o r  t o  o u t l i n i n g  t h e  content of each chapter,  we l i s t  immediately below 
the  j ou rna l  papers ( two i n v i t e d )  and the conference papers ( i n c l u d i n g  one 
i n v i t e d  p lenary l e c t u r e )  t h a t  have resu l ted  from t h i s  con t rac t  research. 
those papers for the  present repo r t i ng  per iod,  June 1984 t o  June 1985, a re  
Only 
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1 i s ted .  
per iod.  
We inc lude  both papers pub1 i shed and papers accepted du r ing  t h i  s 
PAPERS SUPPORTED BY CONTRACT e56525 
F. .A. Lindholm and 3. J. Liou, "Improved de terminat ion  of l i f e t i m e  and su r face  
recombinat ion v e l o c i t y  by observing t r a n s i e n t  vo l tages ,'I 18th  IEEE 
Pho tovo l ta i c  Speci a1 i s t s  Conference, October 1985 ( i n v i t e d  p lenary  1 ec ture  t o  
be presented).  
F. A. Lindholm, A. Neugroschel, M. Arienzo, and P. A. I l e s ,  "Front  and back 
p o l y s i l  icon-contacted so la r  c e l l  s ,'I 18th  IEEE Photovo l ta ic  Special  i s t s  
Conference, October 1985 . 
K .  Misiakos and F. A. Lindholm, "Generalized r e c i p r o c i t y  theorem f o r  
semiconductor devices," J. Appl . Phys ., t e n t a t i v e i y  scheduled f o r  October 1, 
1985. 
K. Misiakos and F. A. Lindholm, "Toward a systemat ic design theory  f o r  s i l i c o n  
so l  a r  c e l l  s using op t im iza t i on  techni  ques'l,- Sol a r  C e l l  s ,  Oct . 1985 ( i n v i t e d  
paper) 
A. Neugroschel, F. A. Lindholm, and C. T. Sah, "Trap c o n t r o l l e d  m i n o r i t y -  
c a r r i e r  m o b i l i t y  i n  h e a v i l y  doped s i l i con , "  Solar  Ce l l s ,  t o  appear i n  
Sept. 1985. 
- 
A. Neugroschel , " M i n o r i t y - c a r r i e r  d i f f u s i o n  c o e f f i c i e n t s  and m o b i l i t i e s  i n  
s i l i c o n , "  IEEE E lec t ron  Device Le t te rs ,  vo l .  EDL-6, pp. 425-427, August 1985. 
K. Misiakos, F. A. Lindholm, and A. Neugroschel, "So lu t ion  o f  the c o n t i n u i t y  
equat ion i n  p lanar  symetry cases and assessment o f  photo1 uminescence decay," 
J .  Appl ied Physics, vo l  . 58, pp. 1647-1650, August 1985. 
F. A. Lindholm, A. Neugroschel, M. Arienzo, and P. A. I l e s ,  "Heavi ly  doped 
p o l y s i  1 i c o n  contac t  so l  a r  c e l l  s ,'I IEEE €1 ec t ron  Device Le t te rs ,  vo l  . EDL-6, 
pp. 363-365, J u l y  1985. 
P. T. Landsberg, A. Neugroschel, F. A. Lindholm, and C. T. Sah, "A  model f o r  
band-gap shr inkage i n  semiconductors w i t h  a p p l i c a t i o n  t o  s i l i c o n , "  Physica 
Status S o l i d i  ( a ) ,  t o  be publ ished J u l y  1985. 
F. A. Lindholm, "Uncer ta in t ies  about t h e  phys ica l  e l e c t r o n i c s  o f  n+ and D+ 
s i l i c o n ,  w i t h  app l i ca t i ons  f o r  so lar  c e l l s " ,  Solar  Ce l ls ,  vo l .  12, pp. 131- 
140, June-July 1984 ( i n v i t e d  paper). 
B. Y. h a n g  and F. A. Lindholm, "Deta i led i n t e r p r e t a t i o n  o f  pho toconduc t i v i t y  
decay response f o r  l i f e t i m e  determination," Solar Ce l l s ,  vo l .  14, No. 2, 
pp. 187-190, May 1985. 
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A. Neugroschel , M. Arienzo, Y. Komen, and R. D. Isaac, "Experimental study of 
the m i n o r i t y  c a r r i e r  t r a n s p o r t  a t  t h e  p o l y s i l i c o n  monosi l icon in ter face,"  IEEE 
Trans. E l e c t r o n  Devices , vol  . ED-32, pp. 807-816, Ap r i  1 . 
0. von Roos and F. A. Lindholm, "Steady s t a t e  c u r r e n t s  i n  semiconductor 
f i l amen ts  or g ra ins  i n  case of  large sur face recombinat ion v e l o c i t y  on l a t e r a l  
surfaces," J. Appl. Phys., vol. 57, pp. 415-417, January 1985. 
-
This r e p o r t  proceeds as fo l lows. Chapter Two (FL, AN, MA, PI) descr ibes 
t h e  f i r s t  use o f  p o l y c r y s t a l l i n e  s i l i c o n  as a pass ivant  f o r  t he  surfaces o f  
s i l i c o n  s o l a r  c e l l s .  Chapter Three (AN, MA, YK, R I )  r e p o r t s  experimental 
f i n d i n g s  about the mechanisms under ly ing t h i s  pass i va t i on - - tha t  i s ,  t h i s  
reduc t i on  o f  surface recombinati-on- v e l o c i t y .  
about 10%m3, we i n f e r r e d  t h a t  the value o f  t h i s  v e l o c i t y  could be as smal l  
For doping concentrat ions o f  
as 15 cm/s f o r  small-area devices. Chapter Four (KM, FL, AN) prov ides a 
d e t a i l e d  mathematical assessment of t h e  Auger-impact r a t e  c o e f f i c i e n t s  
determined by t h e  photo1 umi nescent decay method (Dzi ewi o r  and Schmi d , 1977). 
We conclude t h a t  i n  p r i n c i p l e  the method can y i e l d  accurate values desp i te  t h e  
presence o f  l a r g e  surface recombination v e l o c i t y  and desp i te  areal  
inhomogeneity o f  t he  i n c i d e n t  l a s e r  beam. 
experimental l y  t h e  c r e d i  b i  1 i ty  o f  t h e  model f o r  V a l  ues o f  the m i  n o r i  t y - c a r r i e r  
m o b i l i t y  and d i f f u s i v i t y  t h a t  are much smal ler  than t h e  values o f  t h e  m a j o r i t y  
c a r r i e r  counterpar ts ,  a t  l e a s t  for doping concentrat ions s u b s t a n t i v e l y  above 
1018/cm3. 
o t h e r  shal low bound s ta tes  associated w i t h  the m i n o r i t y - c a r r i e r  band 
(Neugroschel and Lindholm, 1993). The r e s u l t s  support t h i s  model. 
Chapter S ix  (BH, FL) provides a de ta i l ed  i n t e r p r e t a t i o n  o f  the photoconduct ive 
decay method f o r  examining volume o r  bu lk  l i f e t i m e  i n  s i l i c o n  wafers. 
Chapter Seven (KM, FL) puts  forward a genera l ized r e c i p r o c i t y  theorem f o r  
semi conductor devices. This  theorem a1 1 ows ca l  c u l  a t i  on o f  t he  i n t e r n a l  
Chapter F i v e  (AN, FL, CS) examines 
This  model invo lved t rapping o f  m i n o r i t y  c a r r i e r  a t  b a n d t a i l  o r  
1 - 3  
quantum e f f i c i e n c y  o f  a s o l a r  c e l l  by us ing t h e  a n a l y s i s  o f  the device i n  t h e  
dark. Chapter E igh t  (AN) sets  f o r t h  experimental f i n d i n g s  concerning t h e  
measurements o f  m i n o r i t y - c a r r i e r  m o b i l i t y  and d i f f u s i o n  c o e f f i c i e n t  i n  
d i l u t e l y  doped s i l i c o n  (about 1015/cm3). The r e s u l t s  show t h a t  t h e  h o l e  
m i n o r i t y - c a r r i e r  m o b i l i t y  i s  30% higher than t h e  m a j o r i t y - c a r r i e r  value. 
Design considerat ions immediately f o l l o w  from these f i n d i n g s .  
b r i e f l y  discusses the  r e s u l t s  o f  t h i s  annual repor t .  
Chapter Nine 
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CHAPTER TU0 
HEAVILY DOPED WLYSILICON-CONTACT SOLAR CELLS 
INTRODUCTION 
H igh ly  conduct ing p o l y s i l  i con  contacts  t o  c r y s t a l 1  i n e  s i 1  i c o n  are w i d e l y  
used i n  b i p o l a r  i n t e g r a t e d  c i r c u i t s  [I]. Among o the r  p r o p e r t i e s ,  these 
he te ro junc t i ons  reduce recombination c u r r e n t  by forming quasi -b lock ing 
con tac ts  C23. 
Our purpose i s  t o  descr ibe experimental r e s u l t s  and t h e i r  i m p l i c a t i o n s  
d e r i v i n g  from the  f i r s t  use o f  such contacts  i n  s i l i c o n  s o l a r  c e l l s .  
S p e c i f i c a l l y ,  i n  t h i s  paper we repor t  t h e  r e s u l t s  o f  i n t r o d u c i n g  such con tac ts  
a t  t h e  back surface. The r e s u l t i n g  s o l a r  c e l l s  show l a r g e  improvements i n  red  
s p e c t r a l  response RSR and moderate improvements i n  open-c i r cu i t  vo l tage Voc 
when compared w i t h  c o n t r o l  c e l l s  made w i t h  t h e  convent ional  back -su r face - f i e ld  
(RSF) s t r u c t u r e  o r  w i t h  back-ohmic contact  (BOC) s t ruc tu res .  To assess t h e  
o r i g i n  of these improvements, we measure the  e f f e c t i v e  recombination v e l o c i t y  
S o f  m i n o r i t y  c a r r i e r s  i n  the monocrysta l l ine s i l i c o n  as they en te r  t he  
p o l y s i l i c o n  l a y e r .  Th is  determines t h a t  S (po lys i1 i con  back) < S(RSF 
c o n t r o l s ) ,  and we i n t e r p r e t  t h i s  lowering of t h e  recombination v e l o c i t y  t o  be 
t h e  mechanism responsib le  f o r  t he  improvement i n  Voc and RSR. 
and c o n t r o l s  descr ibed here have n-type and p-type base regions; t he  decrease 
The s o l a r  c e l l s  
i n  S r e s u l t i n g  from p-type p o l y s i l i c o n  (Si:B) i s  repor ted here f o r  t he  f i r s t  
t ime. 
FABRICATION 
i- 
The subs t ra te  r e s i s t i v i t y  was 2 - 0.5 n-cm f o r  both t h e  p-type and n-type 
The p-type substrates were chemical ly  po l i shed  on the back s ide;  t h e  samples. 
n-type subst rates were pol ished chemical ly-mechanical ly. About 2000 A t h i c k  
l a y e r s  of n+ and p+ p o l y s i l i c o n  was deposi ted ( i n - s i t u  doped) a t  670°C i n  an 
atomospheric pressure CVD reactor .  
875°C f o r  about 12 min., and t h e  p+-emit ter  (Si:B) was d i f f u s e d  a t  9W0C f o r  
30 min. 
protected the o the r  s ide  o f  t h e  sample. 
p o l y s i l i c o n  i n t o  the  base occur ing du r ing  t h e  e m i t t e r  d i f f u s i o n  creates a 
The n+-emi t t e r  ( S i  :P) was d i f f u s e d  a t  
Dur ing t h e  p o l y s i l i c o n  deposi t ion and t h e  e m i t t e r  d i f f u s i o n ,  CVU-Si02 
O u t - d i f f u s i o n  from the  doped 
c r y s t a l l i n e  low-high j u n c t i o n  o f  th ickness (200 A [2]. The th inness o f  t h e  
r e s u l t i n g  n+ (or p') l a y e r  a t  t he  back suggests t h a t  n e g l i g i b l e  recombinat ion 
occurs i n  i t s  volume. 
The convent ional  Al-paste a l l o y i n g  technique formed t h e  BSF reg ion t o  a 
Phosphorous d i f f u s i o n  depth of about 3 t o  5 p f o r  t h e  p-base BSF c o n t r o l s .  
formed a one-micron t h i c k  BSF region f o r  the n-base BSF c o n t r o l s .  These 
n-base c o n t r o l s  and back-ohmic-contact c o n t r o l s  had an ohmic contact  ( T i  + Pd 
+ Ag) deposi ted and then annealed on the back surface. The p-base samples had 
a t h i n  l a y e r  o f  A1 under t h e  T i  + Pd + Ay, and the  hea t ing  was below t h e  
A l - a l l o y  temperature (- 4UOo C)  . 
MEASUREMENTS AHD EXPERIMENTAL DATA 
We made measurements t o  compare the m e r i t  o f  t he  p o l y s i  1 icon-back-contact  
s t r u c t u r e  t o  t h a t  o f  t h e  BSF and BOC con t ro l s .  Our main ob jec t  was t o  exp lo re  
the  i n f l u e n c e  o f  the back surface recombination v e l o c i t y ,  which enters  t h e  
boundary-Val ue problem desc r i  b i  ng t h e  s o l a r  c e l l  s . 
To o b t a i n  the boundary-value problem, we f o l l o w  Shockley i n  t h i n k i n g  o f  
t he  device as compris ing two quasi-neutral  regions separated by a j u n c t i o n  
space-charge reg ion [3]. 
sur face o f  tne quasi -neutra l  base. I f  we def ine the  surface as the i n t e r f a c e  
between t h e  s i l i c o n  and the p o l y s i l i c o n  Contact, character ized by S ,  we get a 
s imple model i n  which the  p o l y s i  \ i c o n  recombination and t r a n s p o r t  mechanisms 
We focus on recombination i n  the volume and a t  t h e  
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are  imbedded i n  S. 
the 1 ow-hi gh (p/p+ o r  n/n+) c r y s t a l  1 i ne j u n c t i o n  begi  ns. Then S c h a r a c t e r i  zes 
recombinat ion occur ing i n  the  t r a n s i t i o n  and h e a v i l y  doped regions. 
usual c a r r i e r  dens i t y  and vol tage re1 a t i  ons toge the r  w i t h  the  c o n t i n u i t y  
equat ion f o r  m i n o r i t y  c a r r i e r s ,  completes the boundary-value problem.) 
For a BSF c e l l ,  we def ine t h e  sur face as t h a t  plane where 
(The 
Using an AM0 spectrum, we measured t h e  s o l a r - c e l l  parameters. 
t h e  one most c l o s e l y  l i n k e d  t o  S i s  t h e  red spec t ra l  response KSK, 
( A  > 6000 A ) .  
having a p o l y s i l i c o n  contact  show s i g n i f i c a n t  increases i n  Voc and RSR over 
those having an ohmic back contact  o r  an aluminum-al loy back sur face f i e l d .  
Note, however, t h a t  t h e  a l l o y  BSF c o n t r o l s  showed no improvement compared w i t h  
t h e  BOC c o n t r o l s  i n  Voc and only  a s l i g h t  increase i n  RSR. 
t h a t  t he  a l l o y  process f a i l e d  t o  y i e l d  an e f f e c t i v e  back-surface f i e l d .  It i s  
common experience t h a t  t he  a l l o y  process does not  c o n s i s t e n t l y  y i e l d  good BSF 
reg ions f o r  p as low as 2 8-cm, although i t  i s  r e l i a b l e  f o r  h ighe r  base, 
r e s i s t i v i t i e s .  For  the c e l l s  having an n-type base, both the  p o l y s i l i c o n  
devices and t h e  BSF con t ro l s ,  formed by P d i f f u s i o n ,  showed s i g n i f i c a n t  and 
s i m i l a r  increases i n  RSR when compared w i t h  the  response o f  t h e  BOC 
c o n t r o l  s . 
O f  these 
The data appear i n  Table 1. For  a p-type base, the c e l l s  
This  i n d i c a t e s  
To assess whether one can a t t r i b u t e  these r e s u l t s  t o  smal ler  S, we 
measured S and d i f f u s i o n  l e n y t h  L us ing an MUS-switch ve rs ion  of the method o f  
Ref. [4]. 
b l o c k i n g  contact  t h a t  i s  markedly super ior  t o  the low-high j u n c t i o n  o f  the 8SF 
c o n t r o l s  (Table 1). 
I n  these experiments, the s i  l i c o n - p o l y s i l i c o n  j u n c t i o n  provides a 
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. 
UISCUSSION AN0 EXTENSIONS 
The most impor tant  columns i n  Table 1 p e r t a i n  t o  t h e  red spec t ra l  
response and t o  S, which emphasize t h e  improvements d e r i v i n g  from the  
p o l y s i l i c o n / s i l i c o n  back contact .  The improvement i n  Voc i s  l e s s  s t r i k i n y ,  
p a r t l y  because Voc depends not only on S b u t  a l s o  on the  c o l l e c t i v e  e f f e c t s  of 
L, shunt conductance and recombination cu r ren t  i n  t h e  j u n c t i o n  space-charge 
reg ion  and i n  t h e  quasi -neu t ra l  eini t t e r .  
The p o l y s i l i c o n / s i l i c o n  j u n c t i o n  i s  a l s o  super io r  i n  o the r  respects. 
Process c o n t r o l  f o r  BSF devices i s  c r i t i c a l  f o r  good performance. This  i s  
p a r t i c u l a r l y  t r u e  f o r  the A 1  a l l o y  process commonly used t o  f a b r i c a t e  a p-type 
BSF region. As noted, t h i s  process does not r e l i a b l y  form good BSF reg ions 
< f o r  p - 2 h2-cm. 
temperatures requ i red  may degrade l i f e t i m e  and the low-high j u n c t i o n  may be 
s h i f t e d  by subsequent thermal processing such as t h a t  used t o  form the  p/n 
j u n c t i o n .  Both d i f f u s i o n  and a l l o y  processing consumes p a r t  o f  the subst rate,  
which may pose d i f f i c u l t i e s  f o r  t h i n  s o l a r  c e l l s .  
p o l y s i  1 i con-back s t r u c t u r e  der ives f roin a non-cr i  t i  cal  d e p o s i t i o n  process a t  
low temperature [Z]; t h e  post-deposi t ion heat t reatment a l so  i s  not 
c r i t i c a l  [2] . 
substrate.  It can be c o n t r o l l e d  p r e c i s e l y  and i s  r e l i a b l e ,  as employment i n  
b i  po l  a r  i ntegrated-c i  r c u i  t techno1 oyy has shown . 
For BSF regions formed by s o l i d - s t a t e  d i f f u s i o n ,  t h e  h i y h  
I n  c o n t r a s t  t he  
Po lys i  1 i con  back processing consumes essent i  a1 l y  none of t h e  
Consider now extensi0n.s o f  the present design. F i r s t ,  consider low-p 
subst rates (0.5 8-cm < p < 0.1 8-cm, corresponding t o  doping concentrat ions 
- 1017 cm-3), which reduce base-region volume recombination, thus tending t o  
increase Voc and e f f i c i e n c y  T). 
subst rates have never been made. 
i n j e c t i o n  cond i t i ons  ( 5 )  and f o r  p > 0.5 G-cm approximately. 
However, e f f e c t i v e  USF regions on low-p 
I n  BSF s o l a r  c e l l s ,  Sp = p-' f o r  low- 
For 
2 - 4  
p < 0.5 Q-cm,the p o t e n t i a l  b a r r i e r  V(BSF) between t h e  low- 
high-doped s ides of t h e  BSF j unc t i on  becomes i n e f f e c t i v e :  V(BSF) = 
( k T / e ) l ~ g [ N ( l ~ ~ ) / N ~ f f ]  < 2.3(kT/e) where N(1ow) i s  t h e  doping concent ra t ion  on 
t h e  low-doped s ide  and Neff  - 10l8 cm-3 i s  t h e  e f f e c t i v e  doping concent ra t ion  
on the  high-doped side, cor rec ted  f o r  band-gap shr inkage AEG. 
Ref. 5, 
c a r r i e r  d i f f u s i v i t y  D and d i f f u s i o n  l e n g t h  L p e r t a i n  t o  t h e  h i g h l y  doped 
side. 
t h a t  Smax(poly j u n c t i o n )  << Smax(BSF) . 
r e l a t i v e l y  low value o f  SmaX(poly j u n c t i o n )  a re  s t i l l  debated i n  t h e  
l i t e r a t u r e .  The p o l y s i l i c o n  o f  Ref. 2 and t h a t  f o r  our  devices o f  Table 1 was 
~ m - ~ )  and 
Thus from 
S = (D/L) [N( low)/Neff(high)]  + D/L = S(max), where t h e  m i n o r i t y -  
For a p o l y s i  1 icon-contacted so la r  c e l l ,  recent experiments [2] show 
The mechanisms under ly ing  t h e  
deposi ted w i thou t  an i n t e n t i o n a l  i n t e r f a c i a l  oxide, and Ref. 2 advances t h e  
view t h a t  the  low value o f  S(max) der ives from extremely low values o f  D i n  
t h e  h i g h l y  d isordered i n t e r f a c i a l  region. 
Thus we a n t i c i p a t e  t h a t  p o l y s i l i c o n  depos i t i on  can g i ve  low-S contacts  on 
base regions hav ing low r e s i s t i v i t i e s  (- 0.1 n-cm). From t h e  r e s u l t s  o f  
Ref. 2, we a n t i c i p a t e  S < 1000 cm/s. 
A t t a i n i n g  h igh  e f f i c i e n c y  (TI) depends on reducing S a t  the  f r o n t  sur face 
Thermal oxides have proved e f f e c t i v e  over t h e  surface, exc lus i ve  of as w e l l .  
t h a t  p o r t i o n  where ohmic contacts  ex is t .  Even though ohmic contacts  
c o n s t i t u t e  on l y  5% or l e s s  o f  t h e  f r o n t  surface, one should note t h a t  t h e  
inc rease i n  e m i t t e r  recombination current  caused by area l  inhomogeneity 
g r e a t l y  exceeds t h a t  ca l cu la ted  by cons idera t ion  o f  t h e  areal  r a t i o  o f  low-S 
t o  high-S regions [6,7]. To avoid the  r e s u l t a n t  drop i n  TI, Green e t  a l .  [8] 
have used t h i n  tunne l i ng  oxides between the  s i l i c o n  and the  metal .  
S u b s t i t u t i o n  of heavi l y  doped polys i  1 i c o n  f o r  the  tunne l i ng  oxides may prov ide  
a b e t t e r  con tac t i ng  s t r u c t u r e  w i t h  h igher  y i e l d  and longer  l i f e .  
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Sah has r e c e n t l y  proposed d e t a i l e d  p r a c t i c a l  designs f o r  c o n t r o l  l i n g  t h e  
recombination losses a t  t he  front, o r  e m i t t e r ,  sur face [9]-[10]. 
proposed us ing t h i n  and doped p o l y s i l i c o n  l a y e r s  between t h e  metal and t h e  
h e a v i l y  doped s i l i c o n  surface of t h e  e m i t t e r  w h i l e  us ing a thermal ox ide over  
t h e  e m i t t e r  area no t  shadowed by metal.  Employing t h e  data o f  Ref. 2, he has 
c a l c u l a t e d  a p r a c t i c a l  maximum e f f i c i e n c y  o f  above 23% provided by the  low 
recombinat ion losses a t  t h e  f r o n t  and back surfaces and assumed volume 
recombination only  by Auger and r a d i a t i v e  processes. 
He has 
Thus, we suggest elements o f  t h e  f o l l o w i n g  new c lass  o f  s i l i c o n  s o l a r  
c e l l  designs: 1) Use t h i n  (=  150 pin) base regions o f  r e s i s t i v i t y  - 0.1 62-cm 
contacted on t h e  back by heavi ly  doped p o l y s i l i c o n ;  2) I n t e r l e a v e  t h e  f r o n t  
sur face w i t h  oxide and a p o l y s i l i c o n l m e t a l  system; 3) Use e i t h e r  an n-type o r  
p-type s i l i c o n  f o r  t he  base region. 
As suggested by the work of Sah quoted above, we expect t h a t  these s o l a r  
c e l l s  cou ld  have very high conversion e f f i c i e n c i e s .  
t oge the r  wi th the  somewhat re la ted  e f f o r t s  us ing SIPOS j u n c t i o n s  t o  reduce 
surface recombination [ll], c o n s t i t u t e  recent s i g n i f i c a n t  departures from 
convent ional  s i l i c o n  s o l a r  c e l l  designs. 
The present work, 
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TABLE 1 
Summary o f  measured parameters a t  28" C, (no AR coat ing) .  The c e l l s  have 
area A = 4 cm2 and th ickness  of about 210 f 10 pm except f o r  c e l l  2N which was 
330 t h i c k .  The r e s u l t s  are the average values f rom 10-20 c e l l s .  
1P P ohmic 513 63 310-350 
2P P BSF 51 4 64 310-350 4 .2x104-5x104 
5P P poly-Si  583 
BSF 
67 .7 310-350 1100-1500 
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CHAPTER THREE 
EXPERIMENTAL STUDY OF THE MINORITY CARRIER TRANSPORT AT 
THE POLYSILICON-MONOSILICON INTERFACE 
I. INTRODUCTION 
It was demonstrated [l-31 that  t he  common-emitter cu r ren t  gain o f  b i p o l a r  
t r a n s i s t o r s  can be improved by rep lac ing t h e  e m i t t e r  metal  contact  by a h i g h l y  
doped p o l y s i l i c o n  l a y e r .  A number o f  works, both t h e o r e t i c a l  and 
experimental,  i n v e s t i g a t i n g  t h i s  e f fec t ,  were publ ished [l-81. I n  a l l  these 
studies,  t h e  ana lys i s  was done on the actual  e m i t t e r  s t r u c t u r e  o f  t he  b i p o l a r  
t r a n s i s t o r  c o n s i s t i n g  of a t h i n  (- 2000 A )  heavi ly-doped monoc rys ta l l i ne  
emi t t e r  reg ion contacted by a heavi ly-doped p o l y s i  1 i c o n  1 ayer about 2000 A 
t h i c k .  The analys is  of such a s t r u c t u r e  i s  d i f f i c u l t  due t o  u n c e r t a i n t i e s  i n  
the  parameters of both the monosi l icon and p o l y s i l i c o n  bulks and a poor 
understanding of the i n t e r f a c e  between the  p o l y s i  l i c o n  and t h e  s i n g l e  c r y s t a l  
s i l i c o n  l a y e r .  These unce r ta in t i es  are f u r t h e r  augmented by the  presence o f  
t h e  g r a i n  boundaries i n  t h e  p o l y s i l  i con. Thus , numerous assumptions are 
requ i  red t o  e s t a b l i s h  a m i  n o r i t y - c a r r i e r  t r a n s p o r t  model i n  the above system 
[ 4-81. 
The reg ion which i s  most d i f f i c u l t  t o  cha rac te r i ze  i s  t h e  p o l y s i l i c o n -  
monosi l icon i n te r face .  This  region i s  very s e n s i t i v e  t o  t h e  f a b r i c a t i o n  
c o n d i t i o n s  and t o  the  sur face treatment before t h e  CVD process o f  t h e  
p o l y s i l i c o n  depos i t i on  [2,7]. 
concentrat ion was observed [7 ,91  as a r e s u l t  of t he  donor dopant seyreyat on 
a t  t h e  i n te r face .  The i n t e r f a c e  may a l so  ac t  as a n a t u r a l  s ink  fo r  deep- eve1 
i m p u r i t i e s  and cause p r e c i p i t a t i o n  of i n t e r s t i t i a l  oxyyen f ro in  t h e  bulk .  The 
p r o p e r t i e s  of t he  i n t e r f a c e  are very St rongly  i n f l uenced  by a presence of a 
very t h i n  i n s u l a t i n g  i n t e r f a c i a l  layer  created by o x i d i z i n g  s i l i c o n  be fo re  the  
p o l y s i l i c i o n  deposi t ion.  This  can be achieved by thermal o x i d a t i o n  [ Z ]  o r  by 
a cherni ca l  t reatment [7]. 
A peak i n  t h e  arsenic  and phosphorus 
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These and other  va r iab les  make the  eva lua t i on  o f  t he  r e l a t i v e  importance 
of the p o l y s i l i c o n  bu lk  and the i n te r face  very d i f f i c u l t ,  both t h e o r e t i c a l l y  
and exper imenta l ly .  De Graaf and de Groot [ Z ]  i n v e s t i g a t e d  t h e  c u r r e n t  ga in 
o f  t he  n'/p/n t r a n s i s t o r s  w i t h  an i n t e n t i o n a l l y  grown ox ide l a y e r  a t  t h e  
p o l y s i  l icon-monosi l icon i n t e r f a c e .  They suyyested t h a t  t h e  c u r r e n t  ga in  
enhancement i s  c o n t r o l l e d  by t h e  tunnel ing mechanism through the oxide 
l a y e r .  Ning and Isaac [3] have shown t h a t ,  f o r  t he  n+/p/n t r a n s i s t o r s  w i t h  a 
p o l y s i l i c o n  e m i t t e r  contact  wi th no i n t e n t i o n a l  oxide l a y e r  a t  t h e  
po lys i l i con -monos i l i con  i n te r face ,  t h e  m i n o r i t y  ho le base c u r r e n t  becomes a 
f u n c t i o n  o f  p o l y s i l i c o n  th ickness i f  t h e  f i l m  th ickness i s  l e s s  than about 
500 A .  
hole t r a n s p o r t  i n  the p o l y s i l c o n  f i l m  w i th in  about 500 A o f  the  i n t e r f a c e .  
The devices used i n  [3] wi th  d i f f e r e n t  th icknesses of t h e  p o l y s i l i c o n  f i l m  had 
i d e n t i c a l  po l ys i l i con -monos i l i con  i n t e r f a c e s .  
This i n d i c a t e s  t h a t  t h e  current ga in enhancement i s  determined by t h e  
I n  the  present work we have examined t h e  r o l e s  o f  the p o l y s i l i c o n -  
monosi l icon i n t e r f a c e  and o f  the po lys i  l i c o n  bu lk  i n  much more d e t a i l  than has 
been done prev ious ly .  
w i th  i d e n t i c a l  i n t e r f a c e  propert ies,  wh i l e  va ry ing  d r a s t i c a l l y  t h e  p o l y s i l i c o n  
bu lk  p roper t i es .  This  i s  achieved by usiny a b i l a y e r  S t ruc tu re  o f  p o l y s i l i c o n  
f i l m s  [9J, descr ibed i n  d e t a i l  i n  the next sec t i on .  
d i f f e r e n t  from t h a t  taken by other researchers C2,7J who va r ied  t h e  i n t e r f a c e  
treatment w h i l e  depos i t i ng  the  same p o l y s i l  i con  layer .  
The m i c r o s t r u c t u r e  o f  t h e  p o l y s i l i c o n  f i l m  and of the i n t e r f a c e  was 
We i n t e n t i o n a l l y  emphasize t h e  i n t e r f a c e  us ing devices 
Uur approach i s ,  thus, 
examined by t ransmiss ion e l e c t r o n  microscopy (TEM) and the d i s t r i b u t i o n  of 
a rsen ic  i n  the  p o l y s i l i c o n  film and a t  the po lys i l i con -monos i l i con  i n t e r f a c e  
was s tud ied  by means of secondary ion  inass spectrometry ( S I M S )  [9]. These 
s t r u c t u r a l  p r o p e r t i e s  of the p o l y s i l i c o n  f i l m  and t h e  i n t e r f a c e  are 
co r re la ted ,  f o r  the f i r s t  t ime, wi th the e l e c t r i c a l  measurements. 
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To study the  polys i l icon-monosi l icon i n t e r f a c e  we use a p/n j u n c t i o n  t e s t  
s t r u c t u r e ,  r a t h e r  than a b i p o l a r  t r a n s i s t o r .  The t e s t  s t r u c t u r e  and i t s  
f a b r i c a t i o n  are descr ibed i n  Section 11. 
s t r u c t u r e  has a number of important advantages i n  comparison w i t h  the b i p o l a r  
t r a n s i s t o r  and w i  11 be instrumental  i n  developing t h e  phenomenol o y i  c a l  
t r a n s p o r t  model and revea l i ng  the  domi nant recombi n a t i o n  mechanisms i n  t h e  
p o l y s i l i c o n ,  Sections 111 and I V .  
As i s  discussed l a t e r ,  t h i s  
11. DESCRIPTION OF DEVICES AND FABRICATION 
The t e s t  s t ruc tu re ,  shown i n  Fig. 1, cons is t s  o f  a 0.06 Qcm p-type 
subs t ra te  w i t h  a t h i n  (- 0.8 pm) n-type e p i t a x i a l  l a y e r  w i th  doping dens i t y  
One k i n d  o f  devices had an n+ contact  r i n g  NDD = 10l6 grown on top. 
implanted; t h e  second k i n d  of devices on t h e  same wafer does not  have t h e  
r i n g .  The purpose of t he  ni r i n g ,  which covers l e s s  than about 5% o f  t h e  
dev ice area, i s  t o  assure a good ohmic contact  w i t h  t h e  r e l a t i v e l y  low-doped 
e p i t a x i a l  l a y e r .  One h a l f  o f  each wafer was contacted by a 1500 A or  2500 A 
t h i c k  p o l y s i l i c o n  film, Fig.  l ( a ) .  The depos i t i on  and t h e  heat t reatment 
a f t e r  t he  depos i t i on  were done very c a r e f u l l y  and were s p e c i f i c a l l y  designed 
f o r  t h e  purpose o f  enabl ing the  separat ion of the r o l e  of t he  i n t e r f a c e  and 
t h e  bu lk  on the  cu r ren t  t r a n s p o r t .  Wafers were etched i n  a bu f fe red  HF 
s o l u t i o n  p r i o r  t o  p o l y s i l i c o n  deposi t ion.  It i s  very impor tant  t o  emphasize 
here tha t  each k i n d  o f  p o l y s i l i c o n  device had a reference device w i t h  a metal 
A1 contact  (both w i t h  and w i thou t  the n+ r i n g ) ,  Fig.  l ( b ) ,  made on t h e  o the r  
h a l f  o f  each wafer. The A1 contact  was a l so  deposi ted on top  o f  t h z  
p o l y s i l i c o n  f i l m .  The devices are separated from each o the r  by an oxide l a y e r  
around the per iphery 
t h e  measured cu r ren t  
from 6 x cm2 t o  
t h a t  minimizes t h e  surface leakage, thus assur ing t h a t  
o r i g i n a t e s  most ly  from the  bulk. 
1.2 x cm 
The device areas ranged 
2 
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The p o l y s i  1 i c o n  f i lms ,  deposited us ing an atmospheric pressure CVD 
reac to r  a t  670°C, were one o f  the fo l l ow ing :  
(a )  1500 A undoped p o l y s i l i c o n  deposi ted w i thou t  any external  a rsen ic  
source ( g r a i n  s i z e  about 100 A ) .  
1500 A i n - s i t u  arsenic doped ( g r a i n  s i ze  l a r g e r  than about 400 A ) .  
B i l a y e r :  1500 A of undoped f i l m  f o l l owed  by depos i t i on  of 1000 A 
i n - s i t u  doped film ( g r a i n  s i z e  l a r g e r  than about 300 A ) .  
(b )  
(c)  
Each o f  these th ree  groups o f  devices was subjected t o  var ious pos t -depos i t i on  
t reatments.  The depos i t i on  and annealing c o n d i t i o n s  are summarized i n  
- Table I. - 
The arseni  c-concent r a t  i on p r o f i  l e s  measured by SIMS [9] are shown i n 
F iy .  2 f o r  some of the devices from Table I .  These p r o f i l e s  d e p i c t  the 
average concentrat ion of t h e  cross sec t i on  c o n s i s t i n g  o f  t h e  yrain-boundary 
reg ion  and the  bulk .  There i s  evidence [lo] t h a t  i n  t h e  i n - s i t u  doped f i l m s ,  
about 30-50% o f  t h e  arsenic  dopant resides i n  t h e  g r a i n  boundaries. 
g r a i n  boundaries have smal ler  cross-sect ional  area than the  a d j o i n i n g  grains,  
t h e  arsenic  concentrat ion i n  t h e  gra in  boundaries i s  l a r g e r  than i n  t h e  
bulk.  Based on t h e  d i f f u s i o n  c o e f f i c i e n t s  o f  arsenic  i n  the  p o l y s i l i c o n  [9], 
we i n f e r  from t h e  SIMS p r o f i l e s  of t he  i n - s i t u  doped f i l m s  (Fig.  2.(a)),  t h a t  
Since t h e  
the  arsenic  concentrat ion i s  about 5 x 1 O Z o  CITI'~ i n  t h e  g ra ins  and about 10 21  
i n  t h e  g r a i n  boundaries. The dopant i n  the as-deposited p o l y s i  l i c o n  f i l m  
i s  l a r g e l y  i n a c t i v e  and i s  subsequently a c t i v a t e d  du r iny  t h e  heat t rea tmen t  
step. 
depends s t r o n g l y  on the  annealing temperature and t i m e  [ l l , l Z ] .  
i n - s i t u  doped sample 2BE annealed a t  1000°C, 15 min, f o r  example, t h e  
a c t i v a t i o n  r a t i o  i s  about 0.1 [ll]. The a c t i v a t i o n  r a t i o  f o r  the devices 
annealed a t  900°C (devices 1C,10) and a t  800°C (dev ice 16) i s  not  e x a c t l y  
known, but  it can be expected t o  be about 0.01 [11,12]. 
The a c t i v a t i o n  r a t i o  ( c a r r i e r  concentrat ion/dopant concentrat ion)  
F o r  t he  
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For  t h e  wafers w i t h  t h e  b i l a y e r  p o l y s i l i c o n  f i l m  we have employed arsenic  
d i f f u s i o n  a t  low temperatures t o  obta in  a p r e f e r e n t i a l  g r a i n  boundary 
d i f f u s i o n  from t h e  top  i n - s i t u  doped l a y e r  towards t h e  i n t e r f a c e ,  w h i l e  
min imiz ing the bulk  d i f f u s i o n  [SI. The d i f f u s i v i t y  o f  arsenic  i n  t h e  g r a i n  
boundaries a t  T = 800 - 850°C i s  about th ree  orders o f  maynitude g rea te r  than 
the d i f f u s i v i t y  i n  the  bulk .  The SIMS p r o f i l e s  f o r  some o f  t h e  b i l a y e r  
samples, before and a f t e r  t h e  heat t reatments,  are shown i n  Fig.  2( b) . The 
arsenic  concentrat ion i n  the o r i g i n a l l y  undoped l a y e r  depends upon the  heat 
t reatment.  
t reatment  a t  800°C f o r  64 hours, arsenic d i f f u s e d  through the  g r a i n  boundaries 
and reached t h e  i n t e r f a c e  c91. From t h e  SIMS p r o f i l e ,  t h e  average arsenic  
concen t ra t i on  i n  the  g r a i n  boundaries i s  est imated t o  be about 5 x 
lo2" ~ m ' ~ .  
8 hours t h e  arsenic  does no t  reach the  p o l y s i  1 i con-monosil i con  i n t e r f a c e  and 
t h e  a rsen ic  concentrat ion drops from about loz1 
of t h e  f i l m  t o  the  background concentrat ion o f  about ld7 
[9]. Th is  background l e v e l  i s  due t o  the res idua l  i m p u r i t i e s  i n  the  
d e p o s i t i o n  system and was detected i n  the  undoped f i l m .  
As an example, i n  t h e  b i l a y e r  f i l m  o f  t h e  sample 1J a f t e r  heat 
However, i n  t h e  sample 2BA w i t h  a heat t reatment  a t  750°C f o r  
i n  t h e  i n - s i t u  doped p a r t  
- 
A I  though dur ing t h e  heat treatment arsenic  d i f f u s e s  mainly through t h e  
g r a i n  boundaries, some d i f f u s i o n  occurs f rom the  g r a i n  boundaries t o  the  b u l k  
of  t h e  gra ins.  To minimize t h i s  ou td i f f us ion ,  t he  anneal ing cond i t i ons  were 
t a i l o r e d  i n  such a way as t o  a l l ow  arsenic  t o  j u s t  reach the  i n t e r f a c e .  The 
ou td i f f used  reg ion i s  very narrow espec ia l l y  a t  t he  i n t e r f a c e ,  where a rsen ic  
outd i f fuses only  dur ing a f r a c t i o n  o f  the t o t a l  heat t reatment t ime. F o r  
exainple, f o r  800"C, 10 hrs,  t he  arsenic concentrat ion should drop f rom 2 x 
l o z o  t o  l O I 7  i n  about Only 100 8. During a f r a c t i o n  o f  the heat 
t reatment  t ime, arsenic  w i l l  a lso d i f f use  i n t o  the e p i t a x i a l  l aye r .  The w i d t h  
o f  t h i s  d i f f u s i o n  should a l so  be i n  t h e  order o f  - 1OU A.  As a r e s u l t  o f  t h e  
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p r e f e r e n t i a l  g r a i n  boundary d i f f u s i o n ,  a h e a v i l y  doped t h i n  i n t e r f a c i a l  reg ion  
AN i s  created a t  the m e t a l l u r g i c a l  po l ys i l i con -monos i l i con  i n te r face .  
F igure 3 i l l u s t r a t e s  schematical ly t h e  expected a rsen ic  concen t ra t i on  p r o f i l e s  
a t  t h e  i n t e r f a c e  corresponding t o  the SIMS data data f o r  t he  sample 1J from 
Fiy .  2 ( b ) .  
Comparison of t h e  SIMS p r o f i l e s ,  Figs.  2(a) and 2( b )  , c l e a r l y  shows t h a t  
t he  i n - s i t u  doped and t h e  b i l a y e r  devices have s i m i l a r  arsenic,  and thus 
e lec t ron ,  concentrat ions w i t h i n  about 100-300 A t h i c k  i n t e r f a c i a l  l a y e r  A W ,  
but  t h e i r  bu l k  concentrat ions are d i f f e r e n t  (see F ig.  3 ) .  Due t o  t h e  
a c t i v a t i o n  r a t i o ,  t h e  i n - s i t u  doped devices nave a b u l k  e l e c t r o n  concentrat ion 
of about N = 5 x lo1* - 5 x 10'' ~ r n ' ~  i n  comparison w i t h  N << 10l8 
- -  . 
f o r  
the  b i l a y e r  samples i n  the  o r i g i n a l l y  undoped l a y e r  adjacent t o  the  i n t e r f a c e .  
As w i l l  be discussed i n  d e t a i l  l a t e r ,  separat ion o f  t he  i n t e r f a c i a l  l a y e r  from 
t h e  r e s t  o f  t h e  p o l y s i l i c o n  f i l m  i s  a l s o  necess i ta ted  by very d i f f e r e n t  
m ic ros t ruc tu res  i n  these two regions. 
Based on t h i s  s imi  I a r i  t y  of the p o l y s i  1 i con-monosi 1 i con i n t e r f  ac i  a1 
l a y e r ,  if t h e  i n t e r f a c i a l  l a y e r  dominates the m i n o r i t y  c a r r i e r  t r a n s p o r t ,  we 
expect the i n - s i t u  and t h e  b i l a y e r  samples e x h i b i t  s i m i l a r  e l e c t r i c a l  
p roper t i es .  
c a r r i e r  t ranspor t ,  then we would expect t h e  i n - s i t u  doped and t h e  b i l a y e r  
devices t o  have d i f f e r e n t  e l e c t r i c a l  p roper t i es .  
I f, however, t h e  bulk  p r o p e r t i e s  of t he  p o l y s i l i c o n  determine t h e  
I I I .  MOUEL DEVELOPMENT 
I n  t h i s  sec t i on  we develop a simple phenomenological model f o r  t h e  
m i  n o r i  t y - c a r r i  e r  t r a n s p o r t  w i t h  t h e  aim o f  i d e n t i  f y i  ny the  domi nant 
recombination mechanism i n  the po lys i l i con -monos i l i con  s t r u c t u r e .  
3 - 6  
F igu re  4(a) shows t h e  t e s t  s t ruc tu re  under forward b ias.  F o r  t h e  present 
purpose we consider t h e  po lys i l i con -monos i l i con  i n t e r f a c e  ( F i g .  3) t o  be a 
t h i n  l a y e r  o f  w id th  AW - 100 A t ha t  inc ludes t h e  high-low j u n c t i o n  i n  the  
e p i t a x i a l  1 ayer, g r a i  n-boundary space-charge-region (SCR) a t  t he  m e t a l l u r y i  ca l  
i n t e r f a c e  and t h e  h i g h l y  doped reyion adjacent t o  t h e  m e t a l l u r g i c a l  i n t e r f a c e  
i n  t h e  p o l y s i l i c o n .  
s i n g l e  e f f e c t i v e  t ime constant z ( i n t ) .  
ana lys i s  and w i l l  y i e l d  use fu l  resul ts .  
We assume t h a t  t h i s  reg ion  can be cha rac te r i zed  by a 
This assumption s i m p l i f i e s  t h e  P 
Using a charge-control  representat ion f o r  t h e  h o l e  cu r ren t  J and t h e  
P 
e l e c t r o n  c u r r e n t  Jn a t  x=O, we w r i t e  
J = Jp(0) + Jn(0) ( 3 )  
where Q ( e p i ) ,  Q ( i n t )  , Q ( p o l y )  and Qn(sub) are the  excess charges i n  t h e  
e p i t a x i a l  l aye r ,  the i n t e r f a c i a l  layer,  the p o l y s i l i c o n  bulk ,  and t h e  
subst rate,  r e s p e c t i v e l y  wi th  corresponding t ime constants T ( e p i )  , z p ( i n t ) ,  
T ( p o l y )  and zn(sub), and J ( W  ) i s  the recombination c u r r e n t  dens i t y  a t  t h e  
ohmic contact ,  x = WE. 
the p/n j u n c t i o n  space-charge region which can be evaluated separate ly  [ 131 , 
i f necessary. 
P P P 
P 
P P E  
I n  (1)  - (3)  we have neglected t h e  recombination i n  
Having descr ibed t h e  cross-sect ional  m i c r o s t r u c t u r e  and composit ion of 
our devices, Figs.  2 and 3, and defined the cu r ren t  components, (1) - ( 3 ) ,  we 
w i l l  i n  t h e  next Sect ion analyze the data i n  order  t o :  ( i )  separate the  
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measured c u r r e n t  i n t o  components and (i i )  i d e n t i f y  t h e  parameters t h a t  
determine the  m i n o r i t y  c a r r i e r  t ranspor t  i n  the  i n t e r f a c i a l  l a y e r  and i n  t h e  
p o l y s i  1 i c o n  f i l m .  
IV. EXPERIMENTAL RESULTS AND DISCUSSION 
A. Summary o f  Resul ts  
F igu re  5 shows t h e  measured current -vo l  tage (I-V) c h a r a c t e r i s t i c s  f o r  
some rep resen ta t i ve  devices from Table I. The ho le  s a t u r a t i o n  c u r r e n t  
d e n s i t i e s  Jpo f o r  a l l  devices used i n  t h i s  study are l i s t e d  i n  column I V  o f  
Table I. The values fo r  Jpu were obtained by determin ing the  e l e c t r o n  
s a t u r a t i o n  c u r r e n t  Jno < 2 x A/cm2 f rom the  doping dens i t y  and from t h e  
measured d i f f u s i o n  l e n g t h  i n  t h e  p-type subs t ra te  (Ln i 9 prn) obtained by t h e  
X-ray method C141 and then subtract ing i t  from t h e  measured s a t u r a t i o n  c u r r e n t  
Jo. I-V c h a r a c t e r i s t i c s  were measured both on devices w i t h  and w i thou t  t he  n+ 
contact  r i n g s ;  t h e  values fo r  Jpo were i d e n t i c a l ,  but  t he  devices w i thou t  t he  
n+ r i n g s  had a l a r g e r  se r ies  resistance RS (see d iscuss ion below). 
curves e x h i b i t e d  an i d e a l  J=exp(qV/kT) dependence f o r  a t  l e a s t  3-4 decades o f  
cu r ren t .  Thus no co r rec t i ons  fo r  the non- ideal  space-charge-region and 
sur face recornbi n a t i  on currents  were requi  red. 
measured on devices w i t h  an area o f  62 x 23 m i l 2  i n  which the  per imeter  
e f f e c t s  are n e y l i g i b l e .  
a t  l e a s t  20 devices. 
- .  -- 
N 
N 
The I - V  
The r e s u l t s  repo r ted  here were 
Each JPo value i n  Table I i s  t h e  average value over 
The f o l l o w i n g  important observations can be made f rom Fig.  5: 
(a )  The cu r ren t  densi ty  f o r  t he  i n - s i t u  doped p o l y s i l i c o n  devices i s  
about 3 orders o f  maynitude smal ler  i n  co!nparison w i t h  t h a t  o f  the 
metal contact .  This demonstrates the  s e n s i t i v i t y  o f  our t e s t  
s t r u c t u r e  t o  t h e  i n t e r f a c e  cond i t i ons  and t h e  usefulness o f  t he  
p o l y s i  1 icon contact  i n  suppressi ny the cu r ren t .  
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The heat t reatment a f t e r  t h e  d e p o s i t i o n  of t he  i n - s i t u  doped 
p o l y s i l i c o n  f i l m  causes almost no changes i n  t h e  measured 
cu r ren t .  Th is  i s  evident from t h e  comparison o f  t he  device 1 A  
w i thou t  any heat treatment with the  dev ice 1B heat t r e a t e d  a t  
800°C, 64 hrs. 
The undoped p o l y s i l i c o n  f i l m ,  dev ice l E ,  behaves as a surface w i th  
l a r g e  recombination v e l o c i t y  w i t h  no improvement i n  comparison w i th  
t h e  reference metal contact  . 
The b i l a y e r  device 1I without heat t reatment  i s  i d e n t i c a l  t o  t h e  
undoped device 1E without heat t reatment.  
The b i l a y e r  device 1J a f t e r  800°C, 64 hrs  heat treatment, e x h i b i t s  
about the same cu r ren t  densi ty  as t h e  i n - s i t i l  doped device 1B w i th  
t h e  same heat treatment, 
Devices, w i thou t  the n+ con tac t  r i n g ,  w i t h  undoped f i l m  ( 1 E )  and 
b i l a y e r  f i l m  wi thout  heat t reatment (11) have a l a r g e  se r ies  
res i s tance  RS, which i s  demonstrated by t h e  d e v i a t i o n  f r o m  the  
J = exp(qV/kT) dependence a t  V > 0.3 v o l t s .  The se r ies  res i s tance  
RS i s  g r e a t l y  reduced f o r  these devices if t h e  measurement i s  taken 
on the  device wi th the n+ contact  r i n g ,  as i l l u s t r a t e d  i n  F ig .  5 
f o r  t h e  dev ice 1E. 
._ 
- 
The above observat ions (a) - ( f )  and t h e  r e s u l t s  i n  Table I l ead  us t o  
the  f o l l o w i n g  conclusions: 
(1) Large cu r ren ts  measured i n  a l l  devices w i t h  the  undoped p o l y s i l i c o n  
1 ayer con tac t i ng  the monosi 1 i c o n  1 ayer p r e c l  ude the possi  b i  1 i t y  o f  
an e f f e c t i v e  t h i n  i n t e r f a c i a l  oxide l a y e r  [2,7] between the 
p o l y s i l i c o n  and the monosi l icon i n  our devices. 
de Graaf and de Groot [ Z ]  t h a t  a 20 - 30 A t h i c k  i n t e r f a c i a l  ox ide 
It was proposed by 
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1 ayer represents a tunnel i ny b a r r i e r  f o r  t h e  m i  n o r i  t y  holes, which 
suppresses the m i  n o r i  t y - c a r r i e r  c u r r e n t  i n  the p o l y s i  1 icon. I f  
such a l a y e r  was present i n  our devices, t h e  h o l e  cu r ren t  would be 
l i m i t e d  by the  tunnel ing mechanism [2,5,8] through t h i s  l a y e r  i n  
b o t h  the doped and undoped samples. 
i n t e n t i o n a l l y  grow an i n t e r f a c i a l  ox ide p r i o r  t o  the  p o l y s i l i c o n  
I n  t h i s  work, we d i d  not  
d e p o s i t i o n  t h a t  may produce such a t u n n e l i n g  b a r r i e r  (2,7]. 
(2) The po lys i l i con -monos i l i con  i n t e r f a c e  i s  very s e n s i t i v e  t o  t h e  
arsenic  concentrat ion,  r a t h e r  than t o  the  e l e c t r o n  concentrat ion.  
This  conclus ion i s  based on the  observed i n s e n s i t i v i t y ,  discussed 
i n  ( b )  above, of the hole c u r r e n t  t o  t h e  heat t reatments o f  t he  i n -  
- - - _  
s i t u  doped devices. The e l e c t r o n  c a r r i e r  concen t ra t i on  i n  t h e  CVD 
deposi ted p o l y s i  1 i c o n  i s  a f u n c t i o n  o f  the postdeposi t i o n  heat 
t reatment [11,12) and increases w i t h  the  heat t reatment  
temperature. Thus, large d i f f e rences  i n  t h e  c a r r i e r  concentrat ions 
can be expected before and a f t e r  t h e  heat t reatments [11,12].~ On 
t h e  other  hand, the arsenic dopant concentrat ion i s  almost 
independent o f  t he  heat t reatment i n  the  i n - s i t u  doped f i l m s  [SI. 
The c o r r e l a t i o n  between the  a rsen ic  concen t ra t i on  a t  t h e  
i n t e r f a c e  on the one hand, and the  cu r ren t  d e n s i t y  and RS on t h e  
o the r  hand, i s  f u r t h e r  demonstrated i n  Fig. 6 f o r  t he  devices w i t h  
b i l a y e r  p o l y s i l i c o n  f i lms .  The comparison o f  dev ice 11 with no 
heat t reatment w i t h  t w o  devices a f t e r  heat t reatment  (devices 
lJ,lL) shows a d r a s t i c  reduct ion i n  the  cu r ren t  densi ty .  The 
arsenic  concentrat ion a t  t h e  i n t e r f a c e  before t h e  heat t reatment  i s  
t he  res idua l  < 10 cm , wh i le  a f t e r  the heat t reatment t h e  18 - 3  
N 
20 -3  concentrat ion i s  -1U cm (see F ig.  2). Uevice 1K heat t r e a t e d  
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a t  900°C for  15 min s t i l l  g ives Jpo equal t o  t h a t  o f  t h e  dev ice 
11. Apparently, the arsenic does not  reach the p o l y s i l i c o n -  
rnonosi 1 i c o n  i n t e r f a c e  a f t e r  t he  901)"C, 15 m i  n thermal t reatment.  
Th is  i s  cons i s ten t  w i t h  the  r e c e n t l y  publ ished values f o r  a rsen ic  
d i f f u s i v i t y  i n  t h e  gra in  boundaries [9]. From Fig.  3 i n  [9] we can 
deduce t h a t  the product which i s  a measure of arsenic  
p e n e t r a t i o n  through the g r a i n  boundaries, has t o  be much l a r y e r  
than about 500 A f o r  arsenic t o  penetrate through t h e  - 1500 A o f  
t h e  o r i g i n a l l y  undoped l a y e r  o f  t h e  b i l a y e r  f i l m .  For 900°C, 15 
min heat t reatment,  the value o f  (Dt )1 /2  i s  on ly  about 550 A,  b u t  
i s  about 2000 A f o r  the'devices 13 and lL ,  where arsenic  d i d  reach 
the  i n t e r f a c e ,  as Fig.  2(b) i l l u s t r a t e s .  The dev ice 2BA, f o r  which 
( D t ) l / '  = 280 A ,  behaves s i m i l a r l y  t o  device 1K (see Table I ) .  The 
RS i s  l a r g e  f o r  t h e  non heat t r e a t e d  case and decreases w i t h  
i nc reas ing  (Dt)1/2, thus d i r e c t l y  r e f l e c t i n g  the  pene t ra t i on  o f  t h e  
h i g h l y  doped and conductive arsenic  f r o n t  through the  g r a i n  - 
boundries towards the  i n te r face  (91. A l a r g e  RS i n  a l l  undoped 
devices (<  As/cm ) and i n  the b i l a y e r  device 11 suygests 
t h a t  t h e  res idua l  arsenic i n  t h e  undoped f i l m s  i s  present most ly  i n  
the  n o n a c t i v a t i n y  l a t t i c e  Si tes,  o r  more probably,  t h a t  most o f  t h e  
f ree  e lec t rons  are trapped a t  t h e  g r a i n  boundaries l e a v i n g  t h e  
g ra ins  e s s e n t i a l l y  depleted [15,161, which r e s u l t s  i n  a l a r g e  
r e s i s t i v i t y  o f  t h e  polySi1 icon f i l m .  
heat t reatment can also be a t t r i b u t e d  t o  the lower ing o f  the g r a i n  
boundary b a r r i e r s  i n  t h e  pOlySil iCOn f i l m  because o f  t h e  increased 
doping i n  t h e  v i c i n i t y  of the g r a i n  boundaries [16,17]. 
3 
The reduc t i on  i n  RS a f t e r  t h e  
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B. Separation o f  Current Components 
In t h e  previous d iscuss ion we descr ibed the  e l e c t r i c  behavior o f  devices 
wi th var ious p o l y s i l i c o n  f i l m s  and t h e i r  c o r r e l a t i o n  w i t h  the m i c r o s t r u c t u r a l  
composit ion. Below, we analyze the data and at tempt t o  i d e n t i f y  t h e  poss ib le  
domi nant physi  cal  mechani sms governi ng the  m i  n o r i  t y  c a r r i e r  t r a n s p o r t  i n  t h e  
p o l y s i l i c o n  f i l m .  I n  order  t o  do t h a t ,  we have t o  f i r s t  separate t h e  measured 
cu r ren ts  i n t o  components def ined i n  (1) and (2)  and, thus, e x t r a c t  the des i red 
values o f  t he  recombination currents i n  the  p o l y s i l i c o n .  Then we c o r r e l a t e  
the  phenomenological model wi th experimental r e s u l t s  f o r  p o l y s i l i c o n  f i l m s  
w i th  d i f f e r e n t  microst ructures.  
The f i v e  c u r r e n t  components--in (1) - ( 2 )  can be d i v i d e d  i n t o  two groups, 
based on the  c r i t e r i a  of the doping dens i t y  i n  t h e  p a r t i c u l a r  region. Regions 
with doping d e n s i t i e s  smal ler  than about 
a c t i v a t i o n  energy corresponding t o  t h e  energy gap o f  i n t r i n s i c  S i ,  w h i l e  
reg ions w i t h  doping much l a r g e r  than 
energies (bandgaps) because of the bandgap narrowing A E ~  C181. 
t h e  above c r i t e r i a ,  we can w r i t e  
~ m ' ~  a r e  expected t o  e x h i b i t  
cm'3, w i  11 have smal l e r  a c t i v a t i o n  
Considering 
- 
where E G I  i s  the i n t r i n s i c  S i  bandgap, A E ~  i s  t h e  average bandgap narrowiny 
f o r  t he  e n t i r e  heavi ly-doped region, Up, and uno are the  preexponent ia l  
constants  i n  Q =' Qoexp(qV/kT), and J 
dens i t y .  
d iscussed e a r l i e r ,  t he  p rec i se  value of the Qno(sub)/zn( sub) component was 
( W  ) i s  t h e  s a t u r a t i o n  c u r r e n t  
The a c t i v a t i o n  energy i n  ( 5 )  i s  thus E G  = EI;I - A € .  < 'EtiI. 
P O  E 
As G 
a1 ready determined independently, thus, on ly  t h e  ho le  c u r r e n t  w i  11 be 
discussed henceforth. 
F igu re  7 shows the  a c t i v a t i o n  p l o t s  [lS] f o r  r e p r e s e n t a t i v e  devices, w i th  
undoped, b i l a y e r  and i n - s i t u  doped p o l y s i l  i c o n  f i l m s .  The a c t i v a t i o n  curve 
f o r  the reference device wi th metal con tac t  i s  a l s o  shown. 
To cons t ruc t  t h e  a c t i v a t i o n  p lo t ,  we have t o  p r o p e r l y  account f o r  a l l  
telnperature dependent parameters i n  (4)  and ( 5 ) .  Th is  i s  done by p l o t t i n g  
versus 1/T. Here, EGI(0) = 1.206 eV i s  t h e  l i n e a r l y  ex t rapo la ted  energy gap 
o f  i n t r i n s i c  S i  a t  0 K, C i s  a temperature independent constant t h a t  i nvo l ves  
dev ice parameters (such as geometry, doping, m i  n o r i  t y - c a r r i e r  mobi 1 i ty  , and 
m i n o r i t y - c a r r i e r  l i f e t i m e ) ,  qc = (EFg - EC)/kT (see F ig.  4 (b ) ) ,  and FlI2(ncr] 
i s  t h e  Fermi-Dirac i n t e g r a l  of the order  of 1/2. 
f o r  a t ransparent  reg ion bounded by a sur face w i t h  very l a r g e  sur face 
recoinbination v e l o c i t y ,  e.g. metal contact  o r  undoped p o l y s i l  i c o n  contact ,  
I n  t h e  above expression, m=4 
2 4 
P where Jpo a[ni(kT/q)pp] = T , provided t h a t  t he  m i n o r i t y - c a r r i e r  m o b i l i , t y  p 
i s  temperature independent C181. On the o the r  hand, if the  metal contact  i s  
replaced by a contact  w i t h  low surface recombinat ion v e l o c i t y ,  then 
Jpo =(niW/.c 2 ) a T3 [19], i .e,  m=3,  prov ided t h a t  t h e  m i n o r i t y - c a r r i e r  P 
1 i fet ime i s  temperature independent. 
I n  F ig.  7 ,  we show t h e  a c t i v a t i o n  p l o t  f o r  t h e  i n - s i t u  doped device 18 
and t h e  b i l a y e r  device 13 f o r  which Jpo ( p o l y s i l i c o n )  << Jpo (meta l ) ;  thus,  
m=3. 
assumption of 'I; 
300 K < T < 370 K used i n  Fig. 7. The slope o f  t he  a c t i v a t i o n  p l o t  i s  
This y i e l d s  EG = 1.206 f 0.03 eV (i.e. hEti = 0 f 30 meV). The 
f f ( T )  i s  very reasonable i n  t h e  narrow temperature range, P 
r e l a t i v e l y  i n s e n s i t i v e  t o  small va r ia t i ons  i n  In. F o r  example, t he  a c t i v a t i o n  
energy f o r  the device 1J fo r  1 ~ 3 . 5  i s  l a r g e r  by only  about 10 meV compared t o  
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t h a t  for  m=3. Thus, only a n e g l i g i b l e  e r r o r  i s  caused i f  T~ v a r i e s  s l i g h t l y  
w i t h  T. 
I n  t h e  case of t he  devices wi th  metal con tac t  and undoped p o l y s i l i c o n  
contact  f i l m s ,  s e t t i n g  m=4 neglects the  temperature v a r i a t i o n  of the m i n o r i t y -  
c a r r i e r  m o b i l i t y  p 
= 60 * 20 meV. 
c a r r i e r  ho le  m o b i l i t y  i n  the  low-doped (-lO''~in-~) e p i t a x i a l  l a y e r  i s  the same 
as t h e  temperature dependence o f  the m a j o r i t y - c a r r i e r  ho le m o b i l i t y ,  which 
The r e s u l t  f o r  m=4 i s  EG = 1.146 f 0.020 eV, i.e. AEG P' 
Assuming now t h a t  the temperature dependence of the m i n o r i t y -  
T - l o 8  f o r  300 K < T < 400 K [ZO], then a c o r r e c t i o n  t o  t h e  above 
N N  
f o l l o w s  p a P 
r e s u l t  i s  required. This  i s  done i n  F ig .  7 us ing f l T - 1 * 8  = T 2 * 2  i ns tead  o f  
T 4 , y i e l d i n g  EG = 1.206 f 0.025 e V ,  I .e. A E ~  = 0 k 25 meV. 
The a c t i v a t i o n  energies f o r  the  o the r  devices from Table I ,  not d isp layed 
i n  F ig .  7, are equal t o  the  values o f  the rep resen ta t i ve  devices discussed 
above. 
I n  con t ras t ,  F ig .  7 a l s o  i l l u s t r a t e s  t h e  a c t i v a t i o n  curve corresponding 
t o  t h e  hole recombination i n  the n' monosi l icon l a y e r  obtained from t h e  n+/p 
monosi l icon j u n c t i o n  w i t h  uni formly doped t ransparen t  0.15 pm n+ l a y e r  w i th  
e l e c t r o n  concen t ra t i on  N = 2 x lo1' ~ m ' ~ .  The a c t i v a t i o n  energy f o r  t h i s  
n+-monosil icon l a y e r  (us ing m=4) i s  smal ler  by about 0.135 eV, EG = 1.071 f 
0.025 eV, i n  comparison w i th  t h e  value f o r  t he  e p i t a x i a l  n-monosi l icon 
obta ined f r o m  t h e  device w i t h  t h e  metal contact .  Th is  d i f f e r e n c e  can be 
i n t e r p r e t e d  as bandgap narrowing i n  t h e  n+-monosi 1 i con  reg ion o f  
hEG = 135 meV [18]. 
The a c t i v a t i o n  energy of t h e  reference device w i th  t h e  m e t a l  contact  i s  
descr ibed e x a c t l y  by (4 )  ( p o l y s i l i c o n  i s  absent here) and the cu r ren t  i s  due 
completely t o  t h e  low-doped e p i t a x i a l  l a y e r  (Jpo >> Jno) where AEG = 0. The 
fac t  t h a t  the r e s u l t  obtained f rom the a c t i v a t i o n  p l o t  o f  t h i s  device g ives 
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, 
EG = EGI(0) = 1.206 eV w i t h i n  the experimental accuracy of about 2 0.025 eV 
es tab l i shes  a c r e d i b i l i t y  f o r  t h e  a c t i v a t i o n  p l o t s  and a l s o  provides a va lue 
f o r  comparison w i t h  t h e  devices with p o l y s i  1 i c o n  contacts.  
The h o l e  s a t u r a t i o n  c u r r e n t  densi ty f o r  t h e  devices w i t h  p o l y s i l i c o n  
contact  i n  which J p o ( p o l y s i l i c o n )  << Jpo(metal)  , assuming Lp >> Wepi and Sp << 
Dp/Wepi 9 can be w r i t t e n  as [19,21] 
Here S i s  the e f f e c t i v e  surface recombination v e l o c i t y  a t  x = Wepi, r e s u l t i n g  
from the recombination losses i n  the p o l y s i l i c o n .  The observed a c t i v a t i o n  
energy and the  fac t  t h a t  J ( p o l y s i l i c o n )  << J (meta l )  imply  S << 
Wepi/zp(epi). The hole d i s t r i b u t i o n  corresponding t o  t h i s  case i s  
schemat ica l ly  depic ted i n  Fig. 4(c). 
Lp = 26 pm. 
P 
P O  P O  P 
From (6) we t hen  f i n d  7; = 0.6 psec and P 
To corroborate t h e  f a c t  t h a t  Sp i s  n e g l i g i b l y  small i n  our devices ,and t o  
avoid the u n c e r t a i n t i e s  i n  the i n t e r p r e t a t i o n  o f  the a c t i v a t i o n  p l o t s ,  we have 
f a b r i c a t e d  the  t e s t  s t ruc tu res  by depos i t i ng  an i n-s i  t u  doped p o l y s i  1 i c o n  
f i l m s  on e p i t a x i a l  l a y e r s  w i t h  d i f f e r e n t  values o f  Wepi: 0.8 pm (p  = 0.6 Qcrn), 
8 p.m (p = 1.2 Qcm) , and 12.8 pm ( p  = 0.6 Qcm) . 
treatment cond i t i ons  were i d e n t i c a l  f o r  a l l  t h r e e  devices. The heat t reatment  
was done a t  900°C f o r  15 min, and corresponds t o  t h a t  o f  t h e  device 10 from 
Table I. 
The depos i t i on  and t h e  heat 
Usiny (6 ) ,  we can c a l c u l a t e  the  values of S + Wepi/tp(epi) f rom t h e  P 
measured J and from t h e  known doping d e n s i t i e s .  Then a p l o t  o f  S + 
Wepi/t  ( e p i )  versus Wepi i s  expected t o  y i e l d  a s t r a i g h t  l i n e ,  w i t h  a s lope 
P 
p r o p o r t i o n a l  t o  z ( e p i )  = 0.6 psec, assuming t h a t  z 
PO P 
i n  the 8 pn and 12.8 p P P 
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epi  t a x i  a1 1 ayers s about equa t o  t h a t  i n  the 0.8 pm l a y e r  deduced above. 
Since Sp i s  i d e n t i c a l  f o r  a l l  devices, an e x t r a p o l a t i o n  t o  W e p i  + 0 y i e l d s  
Sp. Th is  p l o t  i s  shown i n  Fig. 8, y i e l d i n g  Sp - 1s cm/sec << Wepi/Tp(epi) f o r  
a l l  t h ree  devices. 
The exact value Of sp i s  o f  importance, s ince i t  represents the  des 
recombination losses i n  t h e  p o l y s i l i c o n ,  i n c l u d i n y  t h e  losses i n  the 
red  
i n t e r f a c i a l  layer .  The approximate value o f  S - 15 cm/sec deduced above 
i n d i c a t e s  t h a t  the recombination losses i n  the p o l y s i l i c o n  f i l m  are on l y  about 
10% o f  t he  measured hole cu r ren t .  The po lys i l i con -monos i l  i c o n  i n t e r f a c e  thus 
acts  as a very e f f i c i e n t  b a r r i e r  for the m i n o r i t y  c a r r i e r s .  
P 
- Hence 
where we have neglected J p o ( W E )  because i t  was found exper imenta l ly  [3] t h a t  
Lp(poly)  < 500 A ,  which i s  much less than the th ickness o f  t he  p o l y s i l i c o n  
f i l m s  used i n  t h i s  work. 
N 
C. Discussion 
The TEM study revealed t h a t  the g ra ins  i n  t h e  i n - s i t u  doped p o l y s i l i c o n  
f i l m s  a f t e r  heat t reatment a t  900°C - 1000°C are e s s e n t i a l l y  columnar and t h e  
g r a i n  diameter is a t  l e a s t  400 A and as l a r g e  as about 1000 A [22]. 
e f f e c t i v e  hole d i f f u s i o n  l eng th  i n  t h e  heavi ly-doped p o l y s i l i c o n  i s  L 
[33 ,  i.e., L c g r a i n  diameter. Such p o l y s i l i c o n  film thus has only  a few o r  
no g r a i n  boundaries i n  the  d i r e c t i o n  of t he  cu r ren t  f low and can be considered 
t o  be almost a s i n g l e  c r y s t a l  n+ layer  separated froin the monoc rys ta l l i ne  
e p i t a x i a l  l a y e r  by only  g r a i n  boundaries ( o r  an i n t e r f a c i a l  l a y e r )  a t  t he  
The 
P -  < 500 A 
P -  
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m e t a l l u r g i c a l  i n te r face .  Thus, i f  t h e  very t h i n  (-200 A )  i n t e r f a c i a l  l a y e r  
(F igs.  3, 4) i s  t ransparent  f o r  the m i n o r i t y  holes, then t h e  d i f f u s i o n  ho le  
cu r ren t  i n  the bulk  of t he  p o l y s i l i c o n  f i l m  wi th  N - lo1' cmm3 i s  expected t o  
be about equal t o  t h e  hole cu r ren t  o f  t he  s i n g l e  c r y s t a l  nt/p j u n c t i o n  o f  
Fig.  7 w i th  N = 2 x 10 cm which i s  Jpo = 4 x A/cm a t  25OC. T h i s  19 -3 2 
e measured J f o r  t h e  devices wi th 
a t  l e a s t  a f a c t o r  o f  40 l a r g e r  than 
P O  
recombinat ion losses i n  t h e  
i n  t n e  
d have t o  
va lue i s  about one decade l a r g e r  than t 
the  i n - s i t u  doped p o l y s i l i c o n  f i l m s  and 
t h e  value est imated i n  ( 7 )  f o r  the t o t a  
p o l y s i l i c o n  f i l m .  To e x p l a i n  the discrepancy o f  about two 
cu r ren t ,  t h e  e f f e c t i v e  t r a n s p o r t  parameters i n  t h e  p o l y s i l  
be markedly d i f f e r e n t  from t h e i r - m o n o s i l i c o n  values. 
decades 
con wou 
Modeling of t he  t r a n s p o r t  i n  the p o l y s i l i c o n  i s  compl icated by the  g r a i n  
boundaries. As a f i r s t  approximation, we w i l l  t r e a t  t h e  p o l y s i l i c o n  
analogously t o  t h e  t r a n s p o r t  i n  the s i n g l e  c r y s t a l  S i ,  as j u s t i f i e d  above, b u t  
w i t h  an e f f e c t i v e  value f o r  the parameters, such as bandgap, m o b i l i t y ,  and 
l i f e t i m e ,  t o  account for  t h e  inf luence of t h e  g r a i n  boundaries. The e f f e c t i v e  
parameters are average parameters f o r  the p o l y s i l i c o n  f i l m  corresponding t o  
t h e  average g r a i n  s ize.  This  approach was used before [3,4]. We can then 
w r i t e  
where Ne(poly)  = 10l8 c K 3  i s  t h e  e f f e c t i v e  doping [18,23] i n  t h e  h e a v i l y  
doped p o l y s i  1 icon. 
an almost f l a t  ho le  quasi- fermi l e v e l  i n  t h e  e p i t a x i a l  l a y e r  up t o  the 
m e t a l l u r g i c a l  i n te r face ,  Fig. 4(b). This i s  j u s t i f i e d  by t h e  f a c t  t h a t  
J ( p o l y s i l i c o n )  << 3 (metal)  and by n o t i n g  t h a t  t he  recombinat ion losses i n  
I n  (8), we have used t h e  quasi -equi 1 i b r i  uin assumpti on o f  
PO P O  
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t h e  very t h i n  (< 200 A )  d i f f u s e d  region i n  t h e  e p i t a x i a l  l a y e r  can be 
neglected [19,241. 
have t o  be a t  l e a s t  40 t imes smaller than t h e  s i n g l e  c r y s t a l  value. This i s  
n o t  a l i k e l y  p o s s i b i l i t y  i n  the large g ra ins  w i t h  L N g r a i n  diameter. To 
e x p l a i n  the  r e s u l t s  by lower value o f  hEG i n  t h e  p o l y s i l i c o n  requ i res  a 
d i f f e r e n c e  o f  about 100 meV between t h e  s i n g l e  c r y s t a l  and p o l y s i l i c o n  
N 
Note here t h a t ,  t o  remove t h e  discrepancy , Up(poly)  would 
P 
~ values. However, t h e  measured a c t i v a t i o n  energies i n  our devices and i n  t h e  
b i p o l a r  t r a n s i s t o r s  [3] do n o t  support t h i s  assumpti on. 
For the  b i l a y e r  devices, we have a more compl icated s i t u a t i o n .  The 
i n t e r f a c i a l  reg ion  i s  h e a v i l y  doped, fo l lowed by a 1500 A t h i c k  undoped l a y e r  
and again a h e a v i l y  doped 1000 A-wide i n - s i t u  doped l a y e r  (F ig .  3). The 
h e a v i l y  doped g r a i n  boundaries (N - 10'" crnm3) w i t h i n  t h e  l i g h t l y  doped g r a i n s  
c rea te  a high- low j u n c t i o n  w i t h  low e f f e c t i v e  recombinat ion v e l o c i t y  [25], 
thus only  s l i g h t l y  a f f e c t i n g  t h e  current f low. 
I f  t h e  m i n o r i t y  holes were t o  d i f f u s e  across t h e  about 200-300 A t h i c k  
i n t e r f a c i a l  l a y e r  i n t o  t h e  low-doped region, t h e  expected c u r r e n t  f r o m  (8) 
would be much l a r g e r  than f o r  t h e  i n - s i t u  doped devices, because N,(poly) << 
1018 cm'3 i n  t h e  low-doped gra ins.  The measured h o l e  cu r ren ts  f o r  t h e  i n - s i t u  
doped and b i l a y e r  devices are, however, almost equal. The except ions are t h e  
b i l a y e r  devices where the  heat treatment was no t  s u f f i c i e n t  t o  o b t a i n  h igh  
arsenic  concen t ra t i on  a t  t h e  i n te r face .  The d i f f e r e n c e s  i n  the  values of 3 
o f  l e s s  than about a f a c t o r  of t w o  between t h e  b i l a y e r  devices 13, 1L and t h e  
i n - s i t u  doped devices, can be a t t r i b u t e d  t o  small  v a r i a t i o n s  i n  Wepi, zp (ep i ) ,  
and main ly  NDD. The average doping dens i t y  i n  the  e p i t a x i a l  l a y e r s  was 
measured by t h e  C-V technique and var ied frorn about 9 x 1015 
2 x 10l6 ~ m ' ~ .  Th is  f a c t  i s  a l s o  re f l ec ted  i n  t h e  spread of t h e  Jpo values 
f o r  t h e  devices with the m e t a l  contact  which was i n  the  range from about 
4 x 10-l" A/cin2 t o  about 6 x 
P O  
t o  about 
A/cmz. 
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The p r e l i m i n a r y  conclusions (1) and ( 2 )  i n  Sect ion I V - A  and t h e  
d iscuss ion i n  t h i s  sec t i on  l ead  t o  the f o l l o w i n g :  
(i ) The m i  n o r i  t y  c a r r i e r  t ranspor t  a t  t h e  p o l y s i l  i con-monosil i con 
i n t e r f a c e  w i t h  no i n t e n t i o n a l  i n s u l a t i n g  l a y e r  a t  the i n t e r f a c e  i s  
determined by t h e  c a r r i e r  t r a n s p o r t  w i t h i n  t h e  p o l y s i l  icon, r a t h e r  
than by a t unne l i ng  through an i n s u l a t i n g  l a y e r .  
(ii) The s i m i l a r i t y  of t h e  e l e c t r i c a l  p r o p e r t i e s  o f  t he  devices w i t h  t h e  
i n - s i t u  doped and the  b i l a y e r  p o l y s i l i c o n  f i l m s  suggests a 
c o r r e l a t i o n  between t h e  e l e c t r i c a l  p r o p e r t i e s  and the  
m ic ros t ruc tu re  of t he  very t h i n  i n t e r f a c i a l  l a y e r  w i th in  about 
200 - 300 A o f  t h e  m e t a l l u r g i c a l  i n t e r f a c e  i n  the  p o l y s i l i c o n  
f i l m .  
t h e  x = Wepi p lane (F ig.  4) recombine w i t h i n  200 - 300 A o f  t h e  
metal 1 u r g i  cal  i n t e r f a c e .  
It a lso  suggests t h a t  most of t h e  m i n o r i t y  c a r r i e r s  c ross ing  
( i i i ) I n  order  t o  e x p l a i n  J ( p o l y s i l i c o n  con tac t )  << J (n' monosi l icon) ,  
P P 
the  heavi ly-doped i n t e r f a c i a l  l a y e r  must have p r o p e r t i e s  
s i g n i f i c a n t l y  d i f f e r e n t  from the  p r o p e r t i e s  o f  t h e  monosi l icon. 
( i v )  The dominant mechanism responsib le  f o r  low J ( p o l y s i  1 i c o n  con tac t )  
i s  much more s e n s i t i v e  t o  t h e  a rsen ic  dopant concentrat ion a t  t he  
i n t e r f a c e  than t o  the c a r r i e r  e l e c t r o n  concen t ra t i on  a t  t h e  
i n t e r f  ace. 
P 
The po lys i l i con -monos i l i con  i n te r face  can be regarded as a reg ion  w i t h  a 
h i g h  degree of d i so rde r .  Th is  i s  due l a r g e l y  t o  the  very sudden t r a n s i t i o n  
from t h e  o r d e r l y  e p i t a x i a l  s i n g l e  c r y s t a l  l d y e r  t o  t h e  CVU-deposited 
p o l y s i l i c o n  w i t h  the randomly or iented ( w i t h o u t  prefered o r i e n t a t i o n )  g ra ins  
of  a few hundred Angstroms i n  s i z e .  It was r e c e n t l y  observed by means of 
cross-sect ional  TEM t h a t  the arsenic doped p o l y s i l  i con-monosi 1 i c o n  i n t e r f a c e  
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cons is t s  i n  some cases o f  a c r y s t a l l i n e  phase wi th about 40 A averaye g r a i n  
s ize,  compared t o  - 400 A i n  the bulk o f  t he  p o l y s i l i c o n  f i l m ,  w h i l e  i n  some 
o the r  cases t h i s  i n t e r f a c e  i s  amorphous [22,26). It i s  w e l l  known t h a t  t h e  
d i  sordered r e y i  ons of semi conductors a re  associated w i t h  l ow c a r r i e r  
m o b i l i t i e s  (and d i f f u s i v i t i e s )  As an example, t h e  d r i f t  m a j o r i t y - c a r r i e r  
m o b i l i t i e s  i n  amorphous S i  are p = (2-5) x 10 cm /Vs and p = 5 x -2 2 
n P 
cm2/VS [27]. Even smal ler  values are expected f o r  m i n o r i t y  c a r r i e r s .  
The d i so rde r  con t r i bu tes  t o  the random component i n  t h e  atomic p o t e n t i a l  
which r e s u l t s  i n  band t a i l s  [28]. Trapping by band t a i l s  was i d e n t i f i e d  as 
one o f  t h e  poss ib le  mechanisms causing very 1 ow mobi l  i t y  i n  amorphous S i  
[27]. Band t a i l s  can be responsible f o r  low m i n o r i t y - c a r r i e r  n o b i l i t y  by a 
process o f  t rapp ing  a l s o  i n  heavi ly  doped s i n y l e  c r y s t a l  S i ,  as was r e c e n t l y  
suggested [29]. 
-_ 
The m i c r o s t r u c t u r e  a t  t h e  i n te r face  and t h e  e l e c t r i c a l  measurements l e a d  
us t o  a proposal f o r  a poss ib le  mechanism o f  c u r r e n t  suppression by the 
p o l y s i l i c o n  contact :  very 'low m i n o r i t y  c a r r i e r  m o b i l i t y  (and d i f f u s i v i t y ) '  i n  
the very h i g h l y  doped and disordered i n t e r f a c i a l  region. Note t h a t  b o t h  
ainorphous s t r u c t u r e  and very small gra ins a t  t he  i n t e r f a c e  p r e d i c t  low 
mobi 1 i ty. 
Because o f  t he  l a r g e  s e n s i t i v i t y  o f  our t e s t  s t r u c t u r e  t o  t h e  i n t e r f a c e ,  
we can make a b e t t e r  est imate o f  the m i n o r i t y - c a r r i e r  mobi l  i ty  i n  t h e  
p o l y s i l i c o n  than made before i n  [3]. 
reasonable model f o r  the recombination c u r r e n t  Q ( in t ) / . r :  ( i n t )  i n  t h e  
i n t e r f a c i a l  l aye r .  
c u r r e n t  can be descr ibed as a d i f f u s i o n  c u r r e n t  
I n  order  t o  do t h a t  we have t o  have a 
P P 
We assume again t h a t ,  as a f i r s t  approximation, t h i s  
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The q u a n t i t y  on t h e  r ight -hand s ide o f  (9) r e s u l t s  f rom ( 7 ) .  
the parameters i n  (9)  by a s i n g l e  c r y s t a l  S i  values, we have 
Approximating 
l8 -3 Ne - 10 cm 
Auger l i f e t i m e .  
[18], and T ( i n t )  - T~ = 2 x 10-losec c301, where TA i s  t h e  
P 
Equation (9) then imp l i es  t h e  upper l i m i t s  f o r  
D p ( i n t )  - 5 x loe3 cm2/s 
and 
Thus, Op(int) from (9) and ( l o a )  i s  about 3 orders o f  magnitude smal ler  than 
t h e  s i n g l e  c r y s t a l  value. 
The rough approximations o f  ( l oa ) ,  ( l o b )  do no t  t ake  i n t o  account t h e  
consequences o f  t h e  d e t a i l e d  m ic ros t ruc tu re  of t h e  i n t e r f a c e ,  bu t  they do, 
nevertheless,  l end  support t o  t h e  i n t e r p r e t a t i o n  based on t h e  p o s s i b i l  i t y  of 
l a r g e  gradient  i n  the  m i n o r i t y - c a r r i e r  d i f f u s i v i t y  a t  t h e  p o l y s i l i c o n -  
monosi l icon i n t e r f a c e .  This mechanism w i l l  g r e a t l y  suppress t h e  cu r ren t .  The 
m i n o r i t y  c a r r i e r s  w i l l  then recombine very c lose  t o  t h e  m e t a l l u r g i c a l  
po l ys i l i con -monos i l i con  j u n c t i o n  wi thout t h e  p o s s i b i l i t y  t o  d i f f u s e  deep i n t o  
the p o l y s i l i c o n .  
An a l t e r n a t i v e  explanat ion can be of fered by an i n t e r f a c e  i n  a 
h e t e r o j u n c t i o n  form w i t h  a very large b a r r i e r  f o r  holes.  
can be created because of a posit ion-dependent chemical cornposi t i o n  g i v i n g  
r i s e  t o  s p a t i a l  v a r i a t i o n s  of the bandyap, e l e c t r o n  a f f i n i t y  and the band 
edges o f  t he  conduct ion and valence bands [31]. As an example, i f  a t h i n  
The h e t e r o j u n c t i o n  
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(- 20 A )  amorphous l a y e r  e x i s t s  a t  t h e  i n t e r f a c e  [22,26], a d i s c o n t i n u i t y  o f  
t h e  bandgap and e l e c t r o n  a f f i n i t y  may r e s u l t .  
s t r u c t u r e  would, however, r e q u i r e  much more d e t a i l e d  i n f o r m a t i o n  about t h e  
To f u r t h e r  analyse such a 
chemical and e l e c t r o n i c  s t r u c t u r e  o f  t h e  i n t e r f a c e  than p resen t l y  ava i l ab le .  
Even though the he te ro junc t i on  model o r  t h e  t u n n e l i n y  model c21 cannot be  
excluded as a p o s s i b i l i t y ,  t he re  are however two f i n d i n g s  t h a t  p o i n t  
p a r t i c u l a r l y  i n  the  d i r e c t i o n  of the low m o b i l i t y  model. 
o f  t h e  c o r r e l a t i o n  between t h e  recoinbination c u r r e n t  and t h e  dopant arsenic  
F i r s t ,  t he  f i n d i n g  
d e n s i t y  agrees w i t h  s tud ies  which show t h a t  a t  t h e  microscopic l e v e l  t h e  
atomic p o t e n t i a l  has a random component because o f  t he  random d i s t r i b u t i o n  of  
i m p u r i t i e s  whether i m p u r i t i e s  are ion ized o r  n o t  [32]. 
observat ion by Ning and Isaac C31 of t h e  dependence of t he  base c u r r e n t  i n  t h e  
-- . 
Second, t h e  
b i p o l a r  t r a n s i s t o r  on the p o l y s i l i c o n  thickness. 
base c u r r e n t  was observed f o r  t r a n s i s t o r s  w i th  t h e  p o l y s i  1 i c o n  film th ickness 
o f  300 A o r  less.  This observat ion agrees w i t h  our model o f  c a r r i e r  
A n o t i c e a b l e  increase i n  t h e  
recombinat ion w i t h i n  t h e  i n t e r f a c i a l  region, such as i l l u s t r a t e d  i n  Fiy.  3 f o r  
t he  b i l a y e r  f i l m  s t ruc tu re .  
The undoped p o l y s i l i c o n  contacts i n  devices 1E - 1G behave as i n t e r f a c e s  
w i th  very 1 arge recombination v e l o c i t y  w i t h  c u r r e n t  d e n s i t i e s  about equal t o  
t h e  c u r r e n t  d e n s i t i e s  f o r  t h e  reference metal contacts  (see Table I ) .  This  i s  
expected because the  p o t e n t i  a1 p r o f i l e  a t  t h e  i n t e r f a c e  between t h e  e p i  t a x i  a1 
cm-3 and the p o l y s i l i c o n  w i t h  N < 1U16 c K 3  c rea tes  l a y e r  w i t h  N = N 
an e l e c t r i c  f i e l d  i n  t h e  d i r e c t i o n  o f  t h e  h o l e  f low, thus a i d i n g  holes across 
t h e  i n te r face .  The recombination current i n s i d e  of t he  undoped contacts i s  
expected t o  be l a r g e  because of l o w  e l e c t r o n  dens i t y  and small  g r a i n  s i z e  
(- 100 A ) ,  as (9 )  impl ies.  The above arguments apply a l s o  t o  the b i l a y e r  
devices 11 and 1K. 
DO = 
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It i s  very convenient t o  character ize the  p o l y s i  1 icon-monosi 1 i c o n  
i n t e r f a c e  by t h e  e f f e c t i v e  surface recombination v e l o c i t y  S 
j u n c t i o n  i n  t h e  e p i t a x i a l  l a y e r  a t  x = Wepi (F ig .  4), which i s  de f i ned  as E331 
a t  t h e  high- low 
P 
S = J ( W  )/qAP(W .) 
P P ep i  epi  
where nP(Wepi) i s  the excess ho le  densi ty  and 3 (W ) i s  t he  cu P e p i  r e n t  de i t y  
a t  x = Wepi The value of S cannot be deduced e x a c t l y  w i thou t  a p r e c i s e  
knowledge o f  z ( e p i ) ,  s ince t h e  bulk recombinat ion i n  t h e  e p i t a x i a l  l a y e r  i s  P 
no t  n e g l i g i b l e  i n  our devices, bu t  is i n  f a c t  dominant. An approximate value 
o f  Sp - 15 cm/sec was deduced before. 
l i m i t  of S 
by neg lec t i ng  t h e  bulk  losses (i.e. by s e t t i n g  Wepi/Tp(epi) = 0 ) ,  o r  from 
P 
For many purposes, however, an upper 
i s  s u f f i c i e n t .  Th is  upper l i m i t  can be obtained e x a c t l y  from ( 5 )  P 
- 'p/'ep i 
P) 
( 3  (Q)/J 
P 
'pmax 
where 3 ( a )  = [(qn.D z )/(NDDWepi)] exp(qV/kT) i s  t h e  cu r ren t  f o r  t h e  reference 
P 1 P  
dev ice w i t h  t h e  metal contact .  The upper l i m i t  values f o r  S c a l c u l a t e d  f r o m  
(12) a re  l i s t e d  i n  Table I. 
From t h e  upper l i m i t  o f  S given by (12) we can a l s o  est imate t h e  upper 
P 
P 
l i m i t  o f  the e f f e c t i v e  surface recombination v e l o c i t y  a t  t he  n+ p o l y s i l i c o n - n +  
monosi l icon m e t a l l u r g i c a l  i n te r face .  Assuming t h a t  t he  t h i n  n+ o u t d i f f u s e d  
monosil i con  l a y e r  i s  e s s e n t i a l l y  t ransparent we o b t a i n  f rom Jp(Wepi) = 
J (n+ poly-n+) 
P 
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where Ne( in t ) /NDD(epi )  = 10 l8  ~ m - ~ / l O l ~  
approximate value of S - 15 cm/sec i n  (13) y i e l d s  S (n'poly-n+) = 
1500 cm/sec. 
= 100 [ l S ] .  Using t h e  
P P 
The n+ p o l y s i l i c o n  contact  on the top  o f  t h e  n+ d i f f u s e d  o r  implanted 
monosi l icon e m i t t e r  i n  the b i p o l a r  t r a n s i s t o r  can be a l s o  cha rac te r i zed  by 
(13),  s ince (13) r e f l e c t s  t h e  recombination i n  t h e  p o l y s i l i c o n  independently 
o f  t he  doping i n  the monosi l icon. The low value f o r  Sp(n+poly-n+) i n  
comparison w i t h  S N l o 6  cm/sec f o r  the Ohmic metal con tac t  expla ins,  
q u a l i t a t i v e l y ,  t he  improved c u r r e n t  yain i n  b i p o l a r  t r a n s i s t o r s  w i th  
p o l y s i  1 i c o n  contacts t o  t h i n  emit ters.  
P 
I V .  SUMMARY 
I n  t h i s  work, we have presented the  r e s u l t s  o f  a d e t a i l e d  experimental 
study of a po lys i l i con -monos i l i con  contact. 
e x p l a i n  both q u a l i t a t i v e l y  and q u a n t i t a t i v e l y  the  mechanism o f  improved 
c u r r e n t  gain i n  b i p o l a r  t r a n s i s t o r s  with p o l y s i l i c o n  contacts.  The study 
c o r r e l a t e s  the  m ic ros t ruc tu re  of the p o l y s i l  icon-monosi l  icon j u n c t i o n  with t h e  
e l e c t r i c a l  p roper t i es .  The e l e c t r i c a l  p r o p e r t i e s  were measured us iny p/n 
j u n c t i o n  t e s t  s t r u c t u r e s  (Fig.  1) that  are much more s e n s i t i v e  t o  the  contact  
p r o p e r t i e s  than a re  b i  p o l a r  t r a n s i s t o r s .  
C o r r e l a t i o n  o f  t h e  e l e c t r i c a l  r e s u l t s  wi th  t h e  m i c r o s t r u c t u r e  y i e l d e d  t h e  
The purpose o f  t h i s  study was t o  
conclus ion t h a t  t he  m i n o r i t y - c a r r i e r  t r a n s p o r t  i n  the p o l y s i  1 icon-monosi l icon 
j u n c t i o n  i s  c o n t r o l l e d  by a h i g h l y  disordered l a y e r  w i t h i n  N 100 R o f  the 
i n t e r f a c e  cha rac te r i zed  by very low m i n o r i t y - c a r r i e r  d i f f u s i v i t y .  
conc lus ion confirms the model o f  N iny  and Isaac t h a t  expla ined the improved 
c u r r e n t  ga in by D (n' p o l y s i l i c o n ) /  D (n+ monosi l icon)  = 0.3. 
r e s u l t s  i nd i ca te ,  however, t h a t  t he  e f f e c t i v e  0 
This  
The present 
P P 
i n  t h e  n+ p o l y s i l i c o n  has t o  
P 
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be s u b s t a n t i a l l y  smal ler  than t h e  corresponding value i n  t h e  n' monosi l icon t o  
ob ta in  t h e  q u a n t i t a t i v e  agreement w i t h  the  data:  
monosi l icon) - 5 x 
m i n o r i t y  holes a t  t h e  n' p o l y s i  1 icon-n'monosi 1 i c o n  i n t e r f a c e  was found t o  be 
much smal ler  (s l o 4  cm/s) than the k i n e t i c  l i m i t  value f o r  ohmic con tac t  
(- 5 x 106 cm/sec). 
D (n' p o l y s i l i c o n ) / D  (n' P P 
The e f f e c t i v e  sur face recombinat ion ve o c i t y  for 
We d i d  not  study t h e  e f f e c t s  o f  surface t reatments p r i o r  t o  p o l y s i l i c o n  
deposi t ion,  namely the  e f f e c t s  o f  t h i n  i n t e r f a c i a l  ox ide l a y e r  [2,7]. 
The s a t u r a t i o n  cu r ren t  densi ty i n  t h e  p o l y s i l i c o n  contact  was found t o  be 
l e s s  than about 
c o l l e c t o r  c u r r e n t  dens i t y  i n  t h e  b i p o l a r  t r a n s i s t o r  w i t h  basewidth o f  about 
0.1 pn, base sheet res i s tance  o f  about 8 kQ/square and c u r r e n t  ga in p = 100 i s  
about 10-l' A/cm2 [3]. Th is  impl ies t h a t  c u r r e n t  gains > 1000 a re  poss ib le ,  
provided t h a t  t h e  recombination losses i n  the n+ monosi l icon e m i t t e r  can be 
suppressed, for example by reducing t h e  w id th  o f  t he  n' monosi l icon rey ion  
A/cmz a t  25T. The t y p i c a l  value o f  t he  s a t u r a t i o n  
C2,341* 
The s e n s i t i v i t y  o f  t h e  t e s t  s t ruc tu res  used i n  t h i s  study t o  t h e  
p o l y s i l i c o n  contact  and the  accuracy o f  the method used t o  separate t h e  
c u r r e n t  components was l i m i t e d  mainly by t h e  m i n o r i t y - c a r r i e r  l i f e t i m e  i n  t h e  
e p i t a x i a l  l aye r .  More conclusive experiments [2'1] us ing devices w i t h  va ry iny  
widths and dopings o f  the e p i t a x i a l  l a y e r  would be d e s i r a b l e  t o  improve t h e  
accuracy o f  t h e  analys i  s. 
A very low e f f e c t i v e  surface recombinat ion v e l o c i t y  f o r  t h e  m i n o r i t y  
c a r r i e r s  a t  t he  p o l y s i  1 i con-monosi 1 i c o n  i n t e r f a c e  suggests appl i ca t ions  o f  
p o l y s i l i c o n  contacts  i n  devices other than b i p o l a r  t r a n s i s t o r s .  
could be a back-surface-f ie ld solar c e l l  i n  which the recomb n a t i o n  losses a t  
t h e  back hiyh- low monosi l icon contact can l i m i t  t h e  c e l l  e f f  c iency.  
An example 
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TABLE I 
Summary o f  heat t reatments and e l e c t r i c a l  measurements. Heat t reatments f o r  
po l y -s i1  i c o n  contacts  were performed i n  argon. E l e c t r i c a l  measurements were 
done a t  25OC. 
JPO 'pmax 
CONTACT DEVICE HEAT 
TREATMENT ( 1 0 - 1 3 ~ / ~ ~ 2 )  (cm/sec ) 
Undoped 1E none (5.8 f 0.4) x l o 3  - l o 6  
Po lys i  1 i c o n  1F 800°C, 64 hrs (5.5 f 0.5) x l o 3  - l o 6  
(1500 a) 1 G  900°C, - 5 min (5.5 * 0.5) 103 - 106 
I n - s i  t u  1 A  none 7 f 0.3 175 
Doped 1B 8OO0C, 64 hrs 10 f 1.5 250 
Po lys i  I i con 1c 900°C, 5 min 6.6 f 0.5 175 
(1500 a) 1D 900°C, 15 min 6.5 f 0.3 165 
2BE 1000°C, 15 min 6 f 0.5 165 
B i  1 ayer : 11 none (4.2 * 0.2) 103 - 106 
1500 A undoped + 1J 8OO0C, 64 h r s  4.9 f 0.6 175 
1000 A i n - s i t u  1 K  900°C, 15 min (4.2 f 0.2) x l o 3  - l o 6  
doped 1L 850°C, 14 hrs 5.2 f 0.6 180 
2 BA 750°C, 8 hrs (4.0 f 0.3) x l o 3  - l o 6  
Met a1 
Ref  e rence 
- 
450°C, 20 min ( 5  t 1) 103 - 106 
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FIGURE CAPTIONS 
Fig. 1 Cross-sectional view o f  devices used in t h i s  s tudy.  
( a )  Device with polysilicon contact f i l m ;  
( b )  Reference device w i t h  metal contact only. The broken l ines  i n  ( a ) ,  
(b)  show the implanted n'-contact ring in the epitaxial  layer. 
Devices with and without the contact rings were fabricated on the same 
wafer . 
F i g .  2 SIMS prof i les  of the arsenic dis t r ibut ions [8] for :  
( a )  The in-s i tu  doped polysilicon with no heat treatment; 
(b) The bilayer film before hea t  treatment ( 1 1 )  and a f t e r  75OoC, 8 hrs - _  
(ZBA) and 85OoC, 64 hrs (13) heat treatments. The extent of the As 
prof i le  into the monosilicon i s  not larger  than the resoiution of the 
SIMS equipment which i s  about 1 decade per 1 0 0  A [9]. 
Fig .  3 Schematic i l l u s t r a t ion  o f  t h e  arsenic concentration prof i le  i n  the 
vicini ty  of the polysilicon-monosilicon metallurgical interface f o r  the 
bilayer film a f t e r  h e a t  treatment. The shaded areas show the 
preferent ia l ly  doped regions around the grain boundaries and the arsenic 
diffusion into the monosilicon. The broken l ines  depict the w i d t h  of 
the arsenic d i f f u s i o n  from the grain boundary monolayer t o  the bulk of 
the yrai ns. The screened ar2a wi thi  n the i nterfaci  a1 layer symbol i zes 
the fac t  t h a t  the microstructure of the polysilicon film in t h i s  area i s  
very different  from the microstructure in the res t  of the polysilicon 
film. 
F i g .  4 ( a )  Schematic i l lus t ra t ion  of a forward biased t e s t  s t ructure  w i t h  
heavily-doped n'polysil icon contact showing the separation of the 
polysilicon film into two layers: the interfacial  layer and tne 
polysilicon b u l k .  
Band diayram f o r  the forward bias. ( b )  
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( c )  P r o f i l e  of the m i n o r i t y  ho le  concen t ra t i on  f o r  t he  case of low 
e f f e c t i v e  recombination v e l o c i t y  a t  x = W e p i .  The broken l i n e  d e p i c t s  
t h e  approximate decay of tne m i n o r i t y  ho les i n  t h e  p o l y s i l i c o n .  
Fig. 5 Current-vol  tage dependencies f o r  several  devices w i t h  p o l y s i  1 i c o n  
contact  and f o r  the reference device w i th  metal contact .  
Fig. 6 Current -vo l tage c h a r a c t e r i s t i c s  f o r  devices w i t h  b i l a y e r  p o l y s i l i c o n  
contact .  
Fig.  7 A c t i v a t i o n  p l o t s  C18.I of C(I / T " ) C ~ X ~ ( ~ , ) / F ~ / ~ ( ~ ~ ) ]  = exp[-(EGI/(0) - 
P O  
A E G ) / ~ T ]  = exp( -E6/kT) versus 1000/T f o r  devices w i t h  undoped, i n - s i t u  
doped, and b i l a y e r  p o l y s i l i c o n  contacts.  A c t i v a t i o n  p l o t s  f o r  t h e  
dev ice w i t h  reference metal contact  and f o r  t he  reference n+/p 
monosi l icon j u n c t i o n  are also shown. The slopes y i e l d  EG = 1.206 f 0.03 
eV f o r  t h e  metal reference device and f o r  t h e  p o l y s i l i c o n  devices 16, 
13, and 1F. The slope f o r  the n+/p monosi l icon device y i e l d s  EG = 1.071 
f 0.025 eV. 
- -  . 
F i g .  8 The dependence of S + Wepi/zp(epi) on t h e  th ickness o f  t h e  e p i t a x i a l  P 
l a y e r  Wepi. The ex t rapo la t i on  t o  Wepi+O y i e l d s  S - 15 cin/sec. P 
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CHAPTER FOUR 
SOLUTION OF THE CONTINUITY EQUATION 
IN PLANAR SYMHETRY CASES AND ASSESSMENT 
OF PHOTOLUMINESCENCE DECAY 
I. INTRODUCTION 
Photolum nescence decay i s  one o f  t h e  methods used i n  determin ing t h e  
m i n o r i t y  c a r r  e r  l i f e t i m e  i n  heav i l y  doped s i l i c o n  [l]. 
o f  e x c i t i n g  a s i l i c o n  sample by a l a s e r  pu l se  and thus generat ing excess 
e lec t ron -ho le  pa i r s .  The l i f e t i m e  i s  der ived from t h e  decay r a t e  o f  t h e  
excess charge. This decay as a func t i on  o f  t ime  i s  obtained by mon i to r i ng  t h e  
r a d i a t i o n  emi t ted by the few e lect ron-hole p a i r s  t h a t  recombine throuyh 
r a d i a t i v e  recombination. 
o t h e r  methods because it involves no assumptions reya rd iny  t h e  band s t r u c t u r e  
The method c o n s i s t s  
I n  p r i n c i p l e ,  t h i s  method i s  more r e l i a b l e  than many 
and the  t r a n s p o r t  parameters i n  heavi ly  doped s i l i c o n .  On the  o the r  hand, the  
method has the  drawback t h a t  surface recombinat ion p r o h i b i t s  t he  decay from 
being p u r e l y  expoent ia l .  
and shape o f  t he  l a s e r  beam was not c l a r i f i e d  p rev ious l y .  
Moreover, t h e  e f fec t  on the  decay r a t e  o f  t h e  s i z e  
Recent papers [2,3] have inves t i ga ted  the t ime dependence o f  t he  
luminescence decay, and i n  p a r t i c u l a r  t h e  i n f l uence  of  surface recomb n a t i o n  
on the  decay r a t e  f o r  spec ia l  types of e x c i t a t i o n .  
equat ion i s  solved a n a l y t i c a l l y  f o r  t h e  t o t a l  excess charge i n  t h e  case o f  a 
f i n e l y  focused beam, wh i l e  i n  [3] t he  problem i s  s i m p l i f i e d  t o  one dimension 
by consider ing uni form e x c i t a t i o n .  I n  both cases i t  i s  found t h a t  t h e  e f f e c t  
of t h e  surface recombination can be minimized by w a i t i n g  several l i f e t i m e s ,  
a f t e r  t he  l a s e r  i s  turned o f f ,  before medsuriny the  decay rate.  
I n  [2] the c o n t i n  i t y  
I n  t h i s  work we extend the analysis o f  [2,3J f o r  the yenerdl case o f  
a r b i t r a r y  e x c i t a t i o n ,  and prove that  t he  beam s ize,  shape and unifor ini ty  does 
not  a f f e c t  t he  decay r a t e .  An upper bound f o r  t he  e r r o r  due t o  sur face 
recombinat ion i s  der ived. I n  agreement w i t h  c1,2,31 the  e f f e c t  o f  sur face 
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recombination i s  found s i g n i f i c a n t  on l y  i n  t h e  i n i t i a l  p a r t  o f  the 
t r a n s i e n t .  
f o r  t he  c o n t i n u i t y  equat ion when planar s y m e t r y  ex i s t s .  
I n  add i t i on ,  as a p re l im ina ry  r e s u l t ,  a s i m p l i f i e d  form i s  g i ven  
11. SOLUTION OF THE CONTINUITY EQUATION IN PLANAR SYWETRY CASES 
F igu re  1 i 11 u s t  ra tes  an i n f i n i t e l y  extending semi conductor sample 
t e r m i n a t i n g  a t  the z=O and z=W planes. The l a s e r  beam shown i s  meant as an 
example o f  e x c i t a t i o n .  The fo l l ow ing  ana lys i s  i s ,  i n  general,  v a l i d  f o r  any 
o the r  type o f  e x c i t a t i o n ,  f o r  example, thermal generation, and m i  n o r i  ty -  
c a r r i e r  i n j e c t i o n  over a p o t e n t i a l  b a r r i e r .  
t o  p-type i s  s t ra igh t fo rward ) .  
The sample i s  n-type (ex tens ion  
The c o n t i n u i t y  equat ion f o r  holes i s  
where 3 i s  t he  hole f l u x  and G and U are generat ion and recombination r a t e s  
i n  excess of t h e i r  thermal e q u i l i b r i u m  values. I n t e g r a t i o n  o f  E q .  (1) over 
t h e  z = Z'(0 < Z '  < W )  plane y i e l d s  
P 
4 - 2  
w w  
Here Q(Z ' , t )  = I I P(x,y,Z',t)dxdy i s  t h e  number o f  holes per u n i t  
d is tance on t h e  z=Z' plane, and Jpx, Jpy, Jpz a r e  t h e  components 
o f  Jp = Jpx x + Jpy y + Jpz z. A l l  o f  t h e  i n t e g r a l s  above are  assumed t o  be 
f i n i t e .  
w -OD 
+ -+ + 
By Gauss' theorem, 
where rw i s  t h e  i n f i n i t e  c i r c l e  on t h e  z=Z' plane, and dc  i s  t h e  
i n f i n i t e s i m a l  vec tor  normal t o  r,. The i n t e g r a l  
t h e  ho le  f l u x  c ross ing  t h e  i n f i n i t e  c i r c l e ,  and i s  zero under r e s t r i c t i o n s  on 
G(x,y,z,t) t h a t  a re  n e a r l y  always obeyed. Therefore, Eq. ( 2 )  becomes: 
+ I (Jpx x + J $ ) - d f  i s  rW PY 
a j  - aQ = - I dxdy + Gdxdy - I I Udxdy 
a t  ( 3 )  
where f rom now on we omi t  t h e  ( i n f i n i t e )  l i m i t s  o f  i n t e g r a t i o n  f o r  b r e v i t y .  
Expressing J i n  terms o f  d r i f t  and d i f f u s i o n  and assuming t h a t  t h e  
P 
PZ 
p j are  funct ions on ly  o f  z e l e c t r i c  f i e l d ,  d i f f u s i v i t y ,  and m o b i l i t y  (Ez, Op, 
and t h a t  t h e  recombinat ion r a t e  i s  l i n e a r  (U  = ( P - P O ) / ~  w i t h  T = ~ ( z ) ) ,  we 
r e w r i t e  Eq. ( 3 )  as 
QO 
at P az p z az az T T 
2 ao (lJ E ) 
- a Q = o  -?-!$+[$-,E]-- [% + L] Q + -+ !! Gdxdy . ( 4 )  
Here Qo = 
t h e  z=Z'  plane. 
usual  one-dimensional c o n t i n u i t y  equation r e s u l t s .  
I POdxdy i s  t he  equ i l i b r i um number o f  ho les per  u n i t  d is tance on 
If, i n  Eq. ( 4 ) ,  P replaces Q and G replaces IIGdxdy, t h e  
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Equation (4) i s  a d i f f e r e n t i a l  equat ion f o r  t h e  t o t a l  charge on t h e  z=Z' 
are independent o f  t h e  i n j e c t i  on 
DP' pP 
plane. 
l e v e l  (independent of P). Assuming t h i s ,  we can r e w r i t e  Eq. (4) i n  terms o f  
the number (per  u n i t  d is tance)  of excess holes i n  t h e  z=Z' plane, 
It i s  l i n e a r  provided E,, 
Q' = 1 1 APdXdy = Q - Q,: 
Equation ( 5 )  r e s u l t s  from Eq. (4 )  because -0 aPo/az + p E P = 0 . 
P P Z O  
The recombination v e l o c i t i e s  S1, S2 o f  t h e  f r o n t  (z=O) and back (z=W) 
sur face of the sample en te r  t o  determine the  boundary cond i t i ons  o f  Eq. ( 5 ) :  
aQ' ( t  ,w) 
P a Z  S1 Q'(t ,O) = D g'(t,O) , S2 Q'(t, W )  = -D P az  
Under such boundary condi t ions the  s o l u t i o n  o f  Eq. ( 5 )  depends only  on 
t h e  t o t a l  generat ion r a t e  on the  z=Z' p lane (IJGdxdy) and no t  on G as a 
f u n c t i o n  o f  x and y. Knowledge of  Q ' ( z , t )  does not,  of course, p rov ide  
~ P ( x , y , z , t ) .  However, i t  does provide t h e  t o t a l  m i n o r i t y  c u r r e n t  i n  t h e  z 
d i r e c t i o n ,  I = -e 0 aQ ' /az  + e p E Q '  , and the  t o t a l  number o f  excess 
holes, 
Z P P Z  
0 
W 111 APdv = Q'dz 
e i t h e r  the  t o t a l  Therefore,  when one seeks t o  determine 
o r  t he  number o f  excess holes, Eq. (5) s u f f  
m i n o r i t y  c u r r e n t  
ces, provided on y t h a t  t he  
t r a n s p o r t  parameters o f  t he  semiconductor do not depend on t h e  i n j e c t i o n  l e v e l  
and are func t i ons  only  o f  z. Equation ( 5 )  i s  much more convenient t o  use i n  
t h e  determinat ion o f  (measurable) c u r r e n t  than i s  t he  standard c o n t i n u i t y  
equation. 
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I I I PHOTOLUMINESCE DECAY RESPONSE 
We now apply Eq. ( 5 )  t o  t h e  study o f  t he  decay o f  t h e  excess charge 
induced by a l a s e r  pu lse i n  a s e m i - i n f i n i t e  (W==) sample having constant 
doping concentrat ion.  
and fo r  D independent o f  z Eq. (5) s i m p l i f i e s  t o  
For low i n j e c t i o n  m i n o r i t y  c a r r i e r s  f l o w  by d i f f u s i o n  
2 
2 ! L = D a q ' Q '  + G t ( t ) ( l - K ) a  e-'' 2 7  az a t  
where Gt( t )  i s  t he  t o t a l  photon f l u x  o f  t h e  l a s e r  beam, R i s  t he  r e f l e c t i o n  
c o e f f i c i e n t ,  and a i s  the absorption c o e f f i c i e n t .  
dropped f o r  simp1 i c i  ty. 
I n  (6)  t h e  subsc r ip t  p i s  
- .  - 
The boundary cond i t i ons  are 
where S i s  t he  surface recombination v e l o c i t y .  
I f  Gt( t )  i s  t he  u n i t  impulse funct ion,  G t ( t )  = 6 ( t ) ,  then Laplace 
t rans fo rma t ion  o f  Eq. (6) w i t h  time y i e l d s  
where s i s  t h e  Laplace t ransfonn operator. The boundary cond i t i ons  fo r  
Eq. (8) are t h e  Laplace transformat ion of Eqs. ( 7 ) .  The s o l u t i o n  i s  
where r = S/D. 
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I f  Q',(t) t h e  t o t a l  number o f  excess c a r r i e r s  and Q I t ( s )  i t s  Laplace 
t ransformat ion,  then 
Q) Q) 
Q',(t) = I Q'(t ,z)dz => Q',(s) = 1 Q'(s,z)dz = 
0 0 
. (10) 1 - R  - ( 1 - R )  ( r + a ) a D [ J m  - Jp r l  2 4-m [-Da2+s+( l / t )  Xs+( 1/-r)-Dr2] -Da +s+( l / ~ )  
Taking the inverse Laplace transform o f  Eq. ( l o ) ,  we o b t a i n  
where L = a i s  the hole d i f fus ion lenyth.  This  r e s u l t  holds independent ly 
o f  t h e  beam shape and i s  t h e  same as Eq. (8) of Ioannou e t  a1 [2] de r i ved  i n  
the case o f  a f i n e l y  focused beam. 
I f  t h e  l a s e r  pulse has a f lux N( t )  t h a t  l a s t s  f o r  a f i n i t e  t ime T, then 
the response Q",(t) w i l l  be the convolut ion o f  N( t )  w i th  Q't(t): 
t 
0 
Q i ( t )  = I N(T' )  Q i ( t - t ' ) d t '  
I f  N(T) i s  a square pulse of ampl i tude N and width T then, Eq. (12) 
y i e l d s  for  t > T 
2 2  - - t / z  L a t / z  
Q i ( t )  = O r a N T e  r-  [( L V -  1 ) - 'a-l  e e r f c (  LaJt /z)  - 
2 2  L a ( t - T ) / z  
-e TIT e e r f c (  L a J ( t - T ) l r )  + L( ( L2a2-1)- l  - ( L2r2-1) ' l )  
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I f  S = r = 0, Eq. (13) reduces t o  
Q",(t) = N T ( l-R)[eT/Z-l ]  t > T 
which i s  a pu re l y  exponent ia l  funct ion w i t h  t ime constant  2. 
As a more general statement, if S=O, t h e  decay o f  t h e  excess charge w i l l  
be exponent ia l  independently of the shape o f  t h e  sur face a t  which t h e  sample 
terminates and independently of the presence o f  i n t e r n a l  f i e l d s .  This  can be 
proved by i n t e g r a t i n g  t h e  c o n t i n u i t y  equation, 
over t h e  volume o f  the sample and app ly ing  the  divergence theorem: 
- w' = - Sp'df - - 1 Q '  . 
z 
S 
a t  
Here Q' i s  t he  excess m i n o r i t y - c a r r i e r  charge and t h e  i n t e g r a l  above i s  t h e  
ho le  f l u x  a t  t he  surface. This vanishes f o r  S=O. Therefore, 
- 3Q'= - - 1 Q' and Q'  = Q ' ( 0 )  e -t/z , t > O  . a t  z 
When SfO, eq. (13)  i m p l i e s  t h a t  Q",(t) i s  not exponent ia l .  A measure of 
t he  d e v i a t i o n  o f  Q", froin the exponential f unc t i on  (Constant exp( - t / T )  f o l l ows  
froin consider ing the  funct ion:  
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- 1 d b ( t ) / d t  -dC1 nQttt (t) I du;/dt - -  
d t  Q", = t + T  
where b ( t )  i s  t h e  negat ive of the expression i n  the  square bracket  o f  
Eq. (13). The smal ler  t h a t  [ d b ( t ) / d t ) / b ( t ) ]  i s  t h e  more accurate i s  t h e  
es t ima t ion  o f  z by the slope of 1nQ1lt. 
One can prove t h a t  [ d b ( t ) / d t l / b ( t )  i s  an i n c r e a s i n g  f u n c t i o n  of S and 
1/T. 
e x c i t a t i o n .  Then Q", becomes: 
As a worst case, we consider i n f i n i t e  recombinat ion v e l o c i t y  and impulse 
where N' i s  t he  s t reng th  of t h e  pulse. I n  such a case: 
This  i s  an i nc reas ing  f u n c t i o n  o f  La and when La + =, then 
[ d b ( t ) / d t ] / b ( t ) + l / Z t .  Therefore, i n  the  worst  case, by measuring t h e  s lope  
1nQ1lt a t  t ime t, t h e  t ime constant der ived w i l l  be z / [ l + ( t / Z t ) ]  i ns tead  of 
Z. Thus T/2t  i s  an upper bound f o r  t h e  percentage e r r o r  i n  determin ing Z. 
This  bound i s  much lower than the one, 2.47 z / t ,  considered by Tyayi e t  a1 
[ Z ] .  Consequently, t he  maximum e r r o r  o f  Dziewior and Schmid [I] due t o  
surface recombination i s  approximately ~ / [ 2 ( 5 z ) ]  = 10%. 
I f  an accuracy o f  20% i n  the recombination l i f e t i m e  i s  required, then 
0.8 = l / [ l + ( T / Z t ) ]  which imp l i es  t = 2 t .  Now t h e  quest ion a r i ses :  
know when t i s  equal o r  greater  than 2 ~ ?  I f  Lad- > 2 Eq. (14) can be 
simp1 i f i ed : 
how can one 
4 - a  
This  i m p l i e s  t h a t  Q1'+,(2z)=0.05 Q1It(O) 1/La. 
est imate i t s  range, then a can be chosen so t h a t  La<5, imp ly ing  Q", ( 2~ )>0 .01  
Q1It(0). Therefore, by w a i t i n g  u n t i l  t h e  response drops t o  1% o f  i t s  i n i t i a l  
value, t w i l l  be g rea te r  than 27; and the  e r r o r  l e s s  than 20% 
I f  L i s  no t  known bu t  one can 
I V .  SUMMARY 
The excess charge s tored i n  a sample a f t e r  l a s e r  pu lse e x c i t a t i o n  depends 
only on t h e  f l u x  o f  photons o f  the l a s e r  beam. 
charge is h igher  than the rec iprocal  o f  t he  bu lk  l i f e t i m e  by, a t  most, a 
f a c t o r  .t/2t. Th is  i s  a r e s u l t  of surface recombination, t h e  associated e r r o r  
o f  which can be suppressed below 20% by w a i t i n g  u n t i l  t he  response drops t o  1% 
of i t s  i n i t i a l  value when Lac5. Thus, i n  so f a r  as t h e  e f f e c t s  o f  sur face 
recombination and o f  u n i f o r m i t y  of t he  i n c i d e n t  beam are concerned, 
photoluminescence decay i s  a r e l i a b l e  method f o r  determining bulk  l i f e t i m e s .  
The decay r a t e  o f  t he  excess 
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FIGURE CAPTIONS 
Figure 1 Schematic i 11 u s t r a t i  on of an i n f  i n i  t e  semi conductor sample bounded 
by planes z=O, t = W ,  and e x c i t e d  by a l a s e r  beam. 
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CHAPTER FIVE 
IN HEAVILY DOPED SILICON 
I. INTRODUCTION 
TRAP CONTROLLED MINORITY-CARRIER MOBILITY 
Recently [l], we presented experimental evidence f o r  low d i f f u s i v i t y  and 
m o b i l i t y  o f  m i n o r i t y  holes i n  h i y h l y  arsenic doped (concentrat ions 
lozo ~ m ' ~ )  n-type S i .  This evidence suggests t h a t  t he  m i n o r i t y - c a r r i e r  
- d i f f u s i v i t y  (and m o b i l i t y )  i s  about an order  o f  magnitude smal ler  than t h e  
m a j o r i t y - c a r r i e r  d i f f u s i v i t y  i n  comparably doped p-type S i .  As an 
explanat ion,  we suggested a simple t r a n s p o r t  model t h a t  emphasized t rapp ing  by 
l o c a l i z e d  t a i l  s ta tes  i n  the m i n o r i t y  band. The commonly used assumption o f  
an equal m i n o r i t y  and m a j o r i t y - c a r r i e r  m o b i l i t i e s  and t h e  neglect  o f  the t a i l -  
s t a t e s  e f f e c t s  on t h e  m i n o r i t y - c a r r i e r  m o b i l i t y  was a l s o  questioned i n  a 
rev iew a r t i c l e  by Abrams e t  a1 . [E]. 
m i n o r i t y - c a r r i e r  d i f f u s i o n  i n  n+ S i  may be t r a p  l i m i t e d .  
Here we r e p o r t  q u a l i t a t i v e  evidence t h a t  
F igu re  1 i l l u s t r a t e s  the band s t ruc tu re ,  i n c l u d i n g  t h e  t a i l  s ta tes ,  f o r  
n+ S i .  As was already discussed i n  [l], f o r  l ow- leve l  i n j e c t i o n ,  t he  m i n o r i t y  
ho les occupy energy l e v e l s  near the m o b i l i t y  edge E". I n  t h e  model proposed, 
the  holes from the  extended states i n  the valence band can be captured by t h e  
l o c a l i z e d  t a i l - s t a t e s  for  some mean t i m e  ttrapping, and then released back 
i n t o  the valence band. This  process, shown by arrows i n  the  F ig.  1, w i l l  
decrease t h e  h o l e  m o b i l i t y .  I f  the s c a t t e r i n g  r a t e  o f  holes i n s i d e  t h e  band 
i s  comparable w i t h  the  hole t rapping ra te ,  Sah and Lindholm [3] d e r i v e  t h a t  
i s  t he  c h a r a c t e r i s t i c  c o ~ ~ i s ~ o n  f r e e  t ime dependent on the mean o f  
t h e  s c a t t e r i n 3  mean f ree time, tSc,tt, and the  mean t r a p p i n g  t ime, ttrapPinJ, 
Here t c o l l  
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o f  a m i n o r i t y  ho le t rapped a t  a bound s t a t e  energy l e v e l  ET, and m* 
P 
e f f e c t i v e  mass f o r  holes. 
i s  t h e  
P We i n v e s t i g a t e  t h e  temperature dependence o f  IJ. by 
es t ima t ing  ttrapping c31: 
' I t t r app i  ng e p = ATm exp [ - ( E T  - Ev)/kT] (2)  
where A i s  a temperature independent constant. 
s i m p l i c i t y ,  t rapp ing  a t  one shallow l e v e l  ( c l o s e  t o  EV)  i n  the  t a i l  band o r  a t  
an acceptor l e v e l  i n  the  n+ region. 
dopant acceptor (boron i n  our case) i n  t h e  p-type subs t ra te  o f  a d i f f u s e d  o r  
i o n  implanted n+/p diode. 
rn = 2 [3]. However, for  band- ta i l  d i s t o r t e d  band, t h e  value o f  m i s  not  known 
and must be determined exper imental ly,  as i s  attempted below. A t  low and h i g h  
temperatures, respec t i ve l y ,  (2) reduces t o  
I n  ( 2 )  we have assumed, f o r  
Such an acceptor l e v e l  can come from t h e  
For a parabol ic  valence band and no degeneracy, 
' / t co l l  I l o w  T = l/tscatt ' ' / t c o l l  I h i g h  T = ' / t t rapping ( 3 )  
Combi n i  ng (1) and ( 3 ) ,  we ob ta i  n the t r a p  c o n t r o l  1 ed m i  n o r i  t y - c a r r i  e r  mobi 1 i t y  
where EA = ET - E y  > 0 i s  t he  a c t i v a t i o n  energy o f  t h e  bound-state l e v e l  ET. 
11. EXPERIMENT AND ANALYSIS 
Our experiments prov ide q u a l i t a t i v e  support f o r  t he  ho le - t rapp ing  
model . 
o f  t he  photocurrent  response of both n+/p and p+/n photodiodes. 
The experiments invo lved a measurement of t h e  temperature dependence 
The 
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wavelenyths of the i n c i d e n t  l i g h t  used c r e a t e  e lec t ron -ho le  p a i r s  almost 
e n t i r e l y  i n  t h e  h e a v i l y  doped nt o r  pt region. 
m i n o r i t y  c a r r i e r s  t o  the c o l l e c t i n g  p/n j u n c t i o n  and t h e  consequent sho r t -  
c i r c u i t  cu r ren t  Isc depends on the m i n o r i t y - c a r r i e r  m o b i l i t y  p and d i f f u s i v i t y  
0 [43. Hence Isc and i t s  temperature dependence suppl ied a v e h i c l e  f o r  
Transport  o f  photogenerated 
s tudy iny  p nd 0. 
The devices f o r  which we report  f i n d i n g s  here were f a b r i c a t e d  by arsenic  
i m p l a n t a t i o n  i n t o  5 Q-cm p-type S i  subst rates fo l l owed  by 1200°C anneal f o r  
30 minutes. The r e s u l t i n g  n+ l a y e r  was 1.5 pm deep and the  sheet res i s tance  
was 10 B/square. The As concentrat ion was - 1020cm-3 and n e a r l y  independent 
o f  p o s i t i o n  x over about 0.6 ptn below the  sur face (x  = 0 ) ;  f o r  x > 0.6 pm it 
s l o w l y  decreases becoming about 3 x 1019cm-3 a t  1 pm. The surface was 
unpassivated, covered only by a th in (- 10 A )  n a t i v e  oxide l aye r .  
devices w i t h  both unpassi vated and S i O z  pass ivated surfaces were a1 so 
s tud ied.  The r e s u l t s  are s i m i l a r  t o  those t o  be presented here. 
Other 
The metal  
contacts  covered l e s s  than 10% of the area o f  t he  f r o n t  surface. 
The IsC(T) dependence was measured i n  t h e  wavelength range h = 0.38 t o  
0.4 pm f o r  which the  e lect ron-hole generat ion r a t e  f o l l o w s  G(x) = G(O)exp(-ax) 
[4], where a > l o 5  cm" [SI. Hence c o n t r i b u t i o n s  of G(x) t o  Isc o r i y i n a t i n g  
i n  t h e  p/n j u n c t i o n  space-charge region and i n  t h e  p-type subst rate are 
negl i g i  b l  e. Thus [41 
AqF(1 - K) aDp + Sp - 
P s inh  (r) W + cosh (TT) W 'SL 
D 
ISC - a0 
P P P 
Here A i s  the device area, F i s  t h e  i l l u m i n a t i o n  f l u x  densi ty ,  K ' i s  the 
r e f l e c t i o n  c o e f f i c i e n t ,  S i s  t he  e f f e c t i v e  hole sur face recombination 
v e l o c i t y ,  W = 1.3 pn i s  the thickness of t he  quasi -neutra l  n+ l aye r ,  
P 
- 
L? - 
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(Dpp'p)1/2 i s  t h e  hole d i f f u s i o n  length, T~ i s  t h e  h o l e  l i f e t i m e ,  and Dp i s  t h e  
hol  e d i  f f u s i  v i  t y  . 
The a n a l y s i s  o f  ( 5 )  i s  complicated if one wishes t o  o b t a i n  t h e  magnitude 
o f  t h e  d i f f u s i v i t y  0 o r  m o b i l i t y  p = D (kT/q) from t h e  measured Isc. I n  
t h i s  note we are i n te res ted ,  however, on ly  i n  a q u a l i t a t i v e  t rends  and t r y  t o  
present a s imple p i c t u r e  consis tent  w i t h  the  data. 
consider now t h e  temperature dependence of Isc. The temperature dependences 
o f  a and R [63 and z = T~ (Auger l i f e t i m e )  [7 ]  are very small  This leaves 
S and D as the  only temperature dependent parameters i n  (5 ) .  We neglect  t h e  
temperature dependence of S 
based on experimental r e s u l t s  and on t h e o r e t i c a l  p r e d i c t i o n s .  
P P P  
For t h i s  purpose we 
P 
P P 
f o r  a moment, l a t e r  j u s t i f y i n y  t h i s  assumption 
P' 
Recent measurements i n d i c a t e  t h a t  L = 1 pm i n  t h e  nt s i l i c o n  doped a t  
P 
about lo2' [8]. Using W/L = 1 we expand t h e  h y p e r b o l i c  f unc t i ons  i n  (5) 
and s e t  s i n h  x = cosh x: 
P 
1 
ISC as B - [aDP + Sp] 
P 
where B = AqF(1-R)/W i s  a temperature independent constant.  
two spec ia l  cases. F i r s t ,  if S >> aDp, Isc = B/a. I n  t h i s  case Isc f f ( T )  . 
This  c o n t r a d i c t s  our experimental r e s u l t  t h a t  Isc increases w i t h  T (F ig .  2) .  
Thus t h e  second case p r e v a i l s :  a0 >> S (note t h a t  a > 10 cm ) .  
P P 
Consider ( 6 )  f o r  
P 
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To o b t a i n  the  simple p i c t u r e ,  we t r y  the assumption, m=O, and f i n d  from 
( 4 )  and ( 6 )  t h a t  
IsC/T = C exp(EA/kT) ( 7 )  
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where C i s  a l s o  near l y  temperature independent. 
is  pred ic ted  t o  y i e l d  the  a c t i v a t i o n  energy EA = ET - E". 
From (7), l og  ( I s C / T )  vs. 1/T 
On t h e  o the r  hand, if we make t h e  more common assumption of equal 
major i ty -and m i n o r i t y - c a r r i e r  m o b i l i t i e s  (and d i f f u s i v i t i e s )  , we would then 
observe 
IsC /T  LI: C' 
where i n  d e r i v i n g  (8) we have used the cons is ten t  assumption o f  near 
temperature independence o f  the majori  t y - c a r r i  e r  mobi 1 i t y  (ho le  mobi 1 i ty  = 
45 cm2/Vs a t  T = 20 K; 42 crn2/Vs at T = 300 K [SI). 
The experimental data t o  fo l low w i l l  decide i n  f a v o r  o f  ( 7 )  r a t h e r  than 
(8) , imp ly ing  t r a p - c o n t r o l l e d  m i n o r i t y - c a r r i e r  m o b i l i t y  as opposed t o  equal 
m i n o r i t y - a n d - m a j o r i t y - c a r r i e r  m o b i l i t i e s .  
F igu re  2 shows the a c t i v a t i o n  p l o t  of Isc/T versus 1/T f o r  two values 
of F. 
the i n f e r r e d  m o b i l i t y  depends weakly on T because ( i n  our model) t he  bound 
s t a t e s  i n  t h e  m i n o r i t y  band t a i l  have a n e g l i g i b l e  emission r a t e  and tScatt i s  
a weak f u n c t i o n  o f  T. 
i n  agreement with (1). For T > 160 K, pp l e v e l s  o f f  as p r e d i c t e d  by (2) f o r  
shal low t raps.  From Fig.  2 we can d i s t i n g u i s h  two temperature ranges EA:' 
10 meV, 70 K < T < 160 K, and EA 
A t  low temperature, consistent w i th  our simple model summarized i n  (7)  
M o b i l i t y  drops a t  T N > 70 K (where tscatt - t t rapp ing  1 
N 
2 meV, T < 70 K. 
These a c t i v a t i o n  energies do not have a simp1 e i n t e r p r e t a t i o n  because o f  
t he  many l e v e l s  i n  the t a i l .  Nevertheless, t he  value E = 10 meV and t h e  
decrease o f  p w i t h  i nc reas ing  T are cons is ten t  w i t h  (2 )  and (4)  o f  our model 
f o r  shal low t r a p s  wi th  (ET - E V )  < kT. 
9 meV t o  about 8.5 meV as F i s  increased by a f a c t o r  o f  f i v e .  
A 
P 
Moreover, EA decreases f r o m  about 
w 
I nc reas ing  F 
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moves EFp c l o s e r  t o  EV (Fig.  1) which increases the  occupat ion o f  t h e  t a i l  
s ta tes  c l o s e r  t o  EV and EA= 
observed. 
m o b i l i t y  a c t i v a t i o n  behavior i s  observed, t he  v a r i a t i o n  o f  t he  energy yap w i th  
T i s  very small [lo], which j u s t i f i e s  our assumption o f  nea r l y  temperature 
independent a and R [SI. 
(ET - EV)/kT i s  expected t o  decrease, as 
I n  t h e  temperature range f ro in  about 70 K t o  about 160 K, where t h e  
The e f f e c t  o f  t he  temperature v a r i a t i o n  o f  t he  e f f e c t i v e  sur face 
recombination v e l o c i t y  S (T) on ISC(T),  which was neglected, i s  now made 
c r e d i b l e  by t h e  fo l l ow ing  considerat ions.  
expected t o  be about E G / E  = 0.55 eV i n  a Shockely-Read-Hall model even though 
t h e  sur face has d i s t r i b u t e d  s ta tes  i n  the  energy yap [ll]. Second, S a t  t h e  
heavi ly-doped n+ surface i s  1 i ke ly  domi nated by temperature i n s e n s i t i v e  Auger 
e f f e c t s  [ll]. Third,  r e s u l t s  s i m i l a r  t o  those shown i n  Fig. 2 were a l so  
obta ined from the  devices fo r  which p a s s i v a t i o n  by S i O z  sharp ly  decreased S 
P 
F i r s t ,  i f  S ( T )  i s  important,  EA i s  P 
P 
P' 
The f a c t  t h a t  Isc i s  not  n e g l i g i b l e  below - 100 K i n d i c a t e s  t h a t  most o f  
< t h e  m i n o r i t y  holes are i n  the extended band s ta tes  a t  T - 100 K w i t h  on ly  a 
small  f r a c t i o n  trapped a t  the t a i l  s ta tes  and immobil ized. For t h e  
e x c i t a t i o n s  used t o  measure IsC(T)  and a l s o  f o r  low- level  ho le i n j e c t i o n  i n  
t h e  dark used i n  [l], t he  hole concentrat ion i n  the  n+ reg ion  i s  very small .  
We can then conjecture t h a t  the penetrat ion of t he  l o c a l i z e d  t a i l  s t a t e s  i n t o  
the  energy gap i s  on ly  a very small f r a c t i o n  of t h e  energy gap. This  
supposi t ion,  based on our data, agrees w i t h  recent  t h e o r e t i c a l  c a l c u l a t i o n s  o f  
the band s t r u c t u r e  of heav i l y  doped S i  L-121. 
It f o l l o w s  d i r e c t l y  f rom our t rapping model t h a t  p ( m i n o r i t y )  < 
p ( i n a j o r i t y )  could apply a lso i n  the absence o f  the t a i l  s ta tes  because shal low 
i m p u r i t y  l e v e l s  can act  as t raps  near the minor i ty-band edge (F ig.  1). T h i s  
suggests t h a t  p ( m i n o r i t y )  may s t r o n g l y  depend on Compensation. A l ack  of 
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compensation i n  t h e i r  e p i t a x i a l  p/n diodes may be respons ib le  f o r  t h e  
exper imental  observat ion by Oziewior and S i  1 ber  [13] t h a t  p(mi n o r i t y )  = 
p (ma jo r i t y )  f o r  concent ra t ion  i n  s i  < 1019 cm-3. 
Although t h e  assumptions needed t o  de r i ve  ( 7 )  from (5 )  in t roduce some 
inaccuracy i n  the  model f o r  t h e  a c t i v a t i o n  energy o f  m i n o r i t y - c a r r i e r  m o b i l i t y  
( d i f f u s i v i t y ) ,  the  general conclusions der ived  by comparing ( 7 )  with t h e  
exper imental  t rends  e x h i b i t e d  i n  F ig .  2 are a n t i c i p a t e d  t o  remain va l i d .  The 
exact va lue o f  t h e  a c t i v a t i o n  energy i n  a s i n g l e - t r a p  model remains i n  
quest ion.  When more d e t a i l e d  knowledge concerning the  values and t h e  
temperature dependencies of parameters i n  ( 5 )  become ava i l ab le ,  one can then 
use data presented here t o  explore aspects o f  t h e  m i n o r i t y - c a r r i e r  band t a i l .  
The purpose here i s  l e s s  ambitious. We have demonstrated a c t i v a t i o n  
behavior  of t h e  m i n o r i t y - c a r r i e r  m o b i l i t y  and d i f f u s i v i t y ,  e x h i b i t i n g  thereby 
an a c t i v a t i o n  energy of the  order  o f  kT ( f o r  300 K) as one expects f o r  t h e  
prominent ly  a c t i v e  t a i l  s ta tes.  Moreover, our data i n  Fig.  2, as i n t e r p r e t e d  
here, supports t h e  inadequacy o f  the commonly used assumption o f  equal 
m a j o r i t y -  and-minor i ty -car r ie r  m o b i l i t i e s ;  i n  tu rn ,  t h i s  supports 
i n t e r p r e t a t i o n s ,  such as t h a t  i n  [l], of l a r g e r  values of energy-gap narrowing 
than i s  common i n  the  l i t e r a t u r e .  
L a s t l y ,  we p o i n t  out  t h a t  t he  assumed value, m = 0, and values in < 0 i n  
( 4 )  are se l f - cons i s ten t  w i t h  the  experimental r e s u l t s  o f  Fig.  2, b u t  values 
m > 0 are not .  
shows an a c t i v a t i o n  behavior, thus the assumption o f  p ( m a j o r i t y )  = p(mi n o r i  t y )  
i s  always wrong (see Eq. 8). 
T h i s  work was supported i n  p a r t  by Nat ional  Science Foundation Grant 
ECS-8203091 ( A . N . ) ,  Solar  Energy Research I n s t i t u t e  Contract  No. XB-3-02090-2 
(F.A.L., A.N.), and J e t  Propuls ion Laboratory (C.T.S.). We acknowledge usefu l  
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F XGURE CAPTIONS 
Qualitative illustration of the band edges o f  heavily doped 
n'-si 1 icon. The broken 1 i nes show the unperturbed parabol i c 
bands. T h e  positions of both the electron and hole quasi-Fermi 
F i g .  1. 
levels is  also indicated. The arrows near EV indicate hole capture 
and emission by the t a i l  s t a t e s  and by the acceptor level from the 
p-type substrate.  The penetration of the t a i l  s ta tes  into the 
forbidden gap i s  assumed to  be very small i n  comparison w i t h  the  
bandgap EG = EC - E v e  
Normalized short-circuit  photocurrent versus 1 /T  for A = 0.4 ~JTI. Fig .  2. 
The illumination density for  curve 1 i s  f ive  times larger compared 
t o  t h a t  o f  curve 2. 
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CHAPTER S I X  
DETAILED INTERPRETATION OF PHOTOCONOUCTIVITY 
DECAY RESPONSE FOR LIFETIME OETEKHINATION 
Our purpose here i s  t o  c l a r i f y  t h e  r e l a t i o n  between the  observed 
t r a n s i e n t  photoconduct i ve decay and a p r e v i  ous devel opment o f  t h e  de ta i  1 ed 
physics [l] under l y ing  t h i s  t rans ien t .  
To make t h i s  c l a r i f i c a t i o n  concrete, we begin w i th  a review o f  t h e  work 
o f  Othmer and co-workers, who compared photoconduct iv i ty -decay l i f e t i m e  w i t h  
s teady-state l i f e t i m e  f o r  s i l i c o n  [Z]. F i g u r e  1 reproduces t h i s  comparison. 
The steady-state l i f e t i m e  was measured by s teady-state pho toconduc t i v i t y  and 
t h e  t r a n s i e n t  l i f e t i m e  was measured by t r a n s i e n t  pho toconduc t i v i t y .  By 
i n t r o d u c i n g  var ious i m p u r i t i e s  (Zr, Mn, Mg, N i ,  and V )  known t o  produce 
recombinat ion centers  i n  S i  and by va ry ing  t h e  concentrat ions o f  these 
i m p u r i t i e s ,  Othmer and co-workers var ied t h e  s teady-state l i f e t i m e .  
s c a t t e r  o f  t h e  data. 
pho toconduc t i v i t y  decay 1 i fe t i ine  considerably more than a f a c t o r  o f  two 
g rea te r  than t h e  s teady-state 1 i f e t i m e .  
Note t h e  
Note a lso the l a r g e  number o f  data p o i n t s  y i e l d i n g  a 
From Othmer's r e s u l t s  we see t h a t  t he  pho toconduc t i v i t y  decay i s  
c h a r a c t e r i  zed by an apparent s ing le c h a r a c t e r i s t i c  t ime; y e t  t h i s  
c h a r a c t e r i s t i c  t ime d i f f e r s  considerably f r o m  t h e  s teady-state 1 i f e t i m e .  
To suggest an explanat ion for  t h i s  apparent anomaly, we review b r i e f l y  
some aspects o f  our prevous t h e o r e t i c a l  work on f a s t  photoconductive switches, 
which we have c a l l e d  photoconductive c i r c u i t  elements [l]. I n  these devices,  
i n c i d e n t  l i g h t  creates hole-e lect ron p a i r s  i n  very h igh  i n j e c t i o n  i n  a n e a r l y  
i n t r i n s i c  rey ion  o f  a p / i / n  or  n / i h  o r  p / i / p  photoconductor. 
combination o f  a Oernber f i e l d  and a h i y h  sur face recombination v e l o c i t y  causes 
a peak i n  t h e  ho le  and e lec t ron  densi ty i n  the  y d i r e c t i o n  normal t o  t h e  
Though a 
surface on which the l i g h t  shines [31, i n t e g r a t i o n  o f  the c o n t i n u i t y  equa t ion  
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i n  t h e  y d i r e c t i o n  leads one t o  analyze a r e l a t e d  dev ice having no dependence 
o f  v a r i a b l e s  i n  the  y d i r e c t i o n  i n  t h e  a c t i v e  region. 
resembles t h a t  used i n  MOSFET theory t o  reduce t h e  number o f  space va r iab les  
requ i  red .) 
(This  approach 
Then, provided the  i n j e c t i o n  l e v e l  i s  h igh  enough t h a t  t n e  p a r t i c l e  
d i e l e c t r i c  r e l a x a t i o n  t ime i s  much l e s s  than t h e  d r i f t  t r a n s i t  t ime i n  t h e  
x d i r e c t i o n  r e s u l t i n g  from an appl ied e l e c t r i c  f i e l d ,  t h e  dev ice i s  i n  a 
quasi -neutra l  c o n d i t i o n  [l]. Thus the  t u r n - o f f  t r a n s i e n t  becomes a problem i n  
quasi -neutra l  photoconductive decay i n  t h e  s implest  model : t h a t  i n  which t h e  
x o r  y coord inates do no t  enter.  
Despi te  t h i s  reduct ion t o  a simple model, some comp lex i t i es  a r i s e  from 
recombinat ion through many traps--a prorni nent f ea tu re  o f  t h i s  c lass  o f  
photoconduct ive device [l]. For example, f o r  incremental  v a r i a t i o n s  i n  t h e  
p a r t i c l e  electrochemical  po ten t i a l s ,  v a r i a t i o n s  t h a t  are much smal ler  than a 
thermal vol tage, a d e t a i l e d  d e s c r i p t i o n  of decay i nvo l ves  two c h a r a c t e r i s t i c  
t imes fo r  each p a r t i c i p a t i n g  bound s t a t e  i n  the forb idden band. This  
c o n t r a s t s  w i t h  the  s i n g l e  c h a r a c t e r i s t i c  t ime, t h e  h igh - leve l  recombination 
l i f e t i m e ,  t h a t  p r e v a i l s  f o r  the t ime- inva r ian t  steady s tate.  Note t h a t  these 
m u l t i p l e  c h a r a c t e r i s t i c  t imes apply on ly  f o r  incremental  t imes. I n  Ref. 1, 
apparent ly  t h e  f i r s t  method i s  developed f o r  determin ing large-signal 
t r a n s i e n t  t h a t  incorporates these mu1 t i p l e  t ime constants. 
For t h e  recombination parameters i n d i c a t e d  i n  Fig. 2, we coinpare t h e  l / e  
f a l l  t ime c a l c u l a t e d  by t h i s  method wi th  t h a t  r e s u l t i n g  from the standard 
s teady-state 1 i fet ime, a s i  ng1 e-1 eve1 Shock1 ey-Read-Hal1 mechani sm. From t h i s  
comparison we see two key r e s u l t s .  F i r s t ,  t he  s ing le -1  i f e t i m e  c a l c u l a t i o n  
underestimates the  l / e  f a l l  t ime by about a f a c t o r  o f  1.5 i n  t h i s  example. 
This  e f f e c t  r e s u l t s  f rom the t r a p  readjustment t i m e  [l], which i s  ney lected i n  
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t h e  standard s i n g l e - l i f e t i m e  model. Second, t h e  net e f f e c t  o f  two 
c h a r a c t e r i s t i c  t imes, which e x i s t  for incremental  t imes, y i e l d s  an e s s e n t i a l l y  
single-exponential decay f o r  t h e  large-signal response. 
The combination of these two r e s u l t s  suggest an i n t e r p r e t a t i o n  o f  t h e  
da ta  o f  Fig. 1 d i f f e r e n t  from t h a t  advanced by Othmer and co-workers [ e ] .  We 
suggest t h a t  t h e  observat ion of photoconductive decay e x h i b i t i n g  an apparent 
single c h a r a c t e r i s t i c  t ime t h a t  d i f f e r s  considerably  from t h e  s teady-state 
l i f e t i m e  i s  no t  an anomaly. 
phys ics of photoconductive decay for samples having a l a r g e  dens i t y  o f  
Rather t h i s  r e s u l t s  d i r e c t l y  from t h e  under l y ing  
recombinat ion centers . -.  . 
Th is  phys ics has several features. F i r s t ,  f o r  incremental t imes and 
smal l -s ignal  responses, as defined above, two c h a r a c t e r i s t i c  t imes are needed 
for  each recombi nat ion-center  l e v e l  t o  descr ibe f u l l y  t h e  t r a n s i e n t  decay. 
T h i s  d e t a i l  o f  t h e  physics was f i r s t  advanced by Sandi ford [4] and l a t e r  was 
extended by Sah [SI. 
y i e l d  the l a rge -s igna l  decay response. 
Ref. 1. Thi rd,  t h e  l a rge -s igna l  response has an apparent s i n g l e  
c h a r a c t e r i s t i c  t ime (which exceeds the s teady-state 1 i f e t i m e )  t h a t  p r e v a i l s  
over several  decades of decay of the excess c a r r i e r  d e n s i t i e s .  This  t h i r d  
f e a t u r e  was overlooked i n  Ref. 1, and apparent ly has no t  appeared p rev ious l y .  
It provides a key t o  the  d e t a i l e d  i n t e r p r e t a t i o n  of photoconductive-decay 
experiments. 
Second, t h e  incremental decay response can be used t o  
A method f o r  doing t h i s  appears i n  
We acknowledge t h e  support of the S i l i c o n  Solar  Array P r o j e c t  o f  t he  J e t  
Propuls ion Laboratory, C a l i f o r n i a  I n s t i t u t e  o f  Technoloyy, i n  con junc t i on  wi th  
NASA and DOE. 
aspects o f  t h i s  and r e l a t e d  work. 
We thank Bob Haminond and C. Tang Sah for  help on techn ica l  
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FIGURE CAPTIONS 
Comparison of photoconductivity decay 1 ifetime measured by Fig. 1 
Westinghouse and steady-state 1 ifetime measured by Northrop on 
symbols dsrived from t h e  same ingots [Z]. 
F i g .  2 Comparison of decay times fo r  capture ra tes  (thermal velocity times 
capture cross section) cn = c = cm 3 / s ,  NTT = 10l8 cm3. P 
Curve ( a ) ,  calculated by u s i n g  two t rans ien t  time constants, 
contrasts with curve (b ) ,  calculated using a model based on a 
single steady-state l ifetime. The l / e  decay time i s  1.5 times 
longer t h a n  that  predicted by a single steady-state l ifetime for  
the parameters chosen. This theoretical  dependence, for I n P ,  will 
scale properly, for example, for S i ,  where a capture cross section 
of 
electrons in I n P )  and a flaw density of ld5 will  yield z = 1 ps. 
and a thermal velocity of lo6 cm/s (>  lo7 cm/s for  
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CHAPTER SEVEN 
GENERALIZED RECIPROCITY THEOREM FOR SEHICONOUCTOR DEVICES 
1 
I n  a recent  paper, Donolato has proven a vers ion o f  t h e  r e c i p r o c i t y  
theorem f o r  the charge c o l l e c t i o n  by a p-n j u n c t i o n  i n  the  presence o f  a u n i t  
p o i n t  generat ion source. The proof  was r e s t r i c t e d  t o  a uniform m a t e r i a l  i n  
which only  the  l i f e t i m e  was al lowed t o  vary wi th  pos i t i on .  We extend t h i s  
proof t o  p-n j u n c t i o n  devices haviny three-dimensional space dependencies o f  
a l l  m a t e r i a l  parameters. 
f o r  t r a n s i e n t s  and s t a t e  another f o r m  o f  r e c i p r o c i t y  r e l a t i n g  quasi-Fermi 
l e v e l s  and p o i n t  generat ion i n  a quasineutra l  reg ion  under low i n j e c t i o n  
condi t i  ons. 
I n  addi t ion,  we prove t h a t  r e c i p r o c i t y  holds a l s o  
The convent ional  r s c i  p roc i  t y  theorem re1 a t i  ng i n p u t  vo l tages and output  
2 
c u r r e n t s  i n  the base o f  a t r a n s i s t o r  was proven by bf. Shockley e t  a l .  i n  one 
o f  t h e  e a r l y  papers on p-n j u n c t i o n  t r a n s i s t o r s .  
Shockley's procedure i n  order  t o  prove r e c i p r o c i t y  f o r  charge c o l l e c t i o n .  
I n  t h i s  l e t t e r  we genera l i ze  
The p r i n c i p a l  quasineutra l  region of t h e  diode, where c a r r i e r  generat ion 
and recombinat ion takes place, i s  bounded by the  j u n c t i o n  SI] and the  r e s t  o f  
t h e  sur face SL ( l a t e r a l  and back surface) cha rac te r i zed  by a p o s i t i o n  
dependent sur face recombination v e l o c i t y  5'. 
p-type i n  low i n j e c t i o n .  Extension t o  n-type regions i s  s t ra igh t fo rward .  TWO 
d i f f e r e n t  e x c i t a t i o n  cases are considered. 
b iased by a vo l tage V i n  the dark. 
and a p o i n t  generat ion source of s t rength G i s  app l i ed  a t  p o i n t  r'. 
and J',n'  are t h e  m i n o r i t y  (e lec t ron )  c u r r e n t  dens i t y  and excess m i n o r i t y  
c a r r i e r  concentrat ion f o r  cases 1 and 2 r e s p e c t i v e l y ,  then t h e  boundary 
cond i t i ons  f o r  each case are 
The reg ion i s  assumed t o  be 
I n  case 1 t he  j u n c t i o n  i s  forward 
I n  case 2 the j u n c t i o n  i s  sho r t  c i r c u i t e d  
I f  3 ,  n 
7 - 1  
where fJ i s  a p o i n t  on the j u n c t i o n  edge SJ and 
c a r r i e r  concentrat ion.  The c o n t i n u i t y  equat ion 
- where 6 ( r  - r' ) represents a u n i t  point c a r r i e r  
r = r'  , and T i s  t h e  l i f e t i m e .  Because o f  low 
no i s  t h e  e q u i l i b r i u m  m i n o r i t y  
f o r  cases 1 and 2 i s  
G 6(r - r ' )  
generat ion source app 
n j e c t i o n ,  t h e  e l e c t r i  
i e d  a t  
f i e l d  
E, t h e  m o b i l i t y  p and t h e  l i f e t i m e  T a r e  independent o f  t he  e x c i t a t i o n .  
system i s  l i n e a r .  
The 
L e t  vec to r  A be defined by the equat ion - .- 
The sur face i n t e g r a l  J A*ds vanishes s ince on SL 
sL 
From Eq. (1) t h i s  i n t e g r a l  on SJ becomes 
Ads = Eexp($) - 11 ,f J 'ads = [exp(kT) Lt!. 
c 
- 11 I' 
where I '  i s  t h e  c u r r e n t  due t o  t h e  p o i n t  source ex t i n g  t h e  p-type reg 
through t h e  j u n c t i o n .  Therefore, if S i s  t h e  e n t i r e  sur face enc los ing 
( 5 )  
on 
t h e  
quas ineu t ra l  reg ion,  then from Eqs. (4 ) ,  (5 )  t h e  t o t a l  surface i n t e g r a l  o f  A 
becomes 
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By using Eq. (2 )  , the E i  n s t e i  n re1 a t i onsh i  p f o r  non-degenerate m i n o r i t y  
c a r r i e r s ,  U = (kT/q)p, 
- ( kT /q )v ln  no, t h e  divergence o f  A can be w r i t t e n  as 
and the expression f o r  t h e  e l e c t r i c  f i e l d  E = 
- n 0. J' - - n' [Vn' - n ' V l n  no]=J - - n n V = J  = 0 0 
- 1 [Vn + nEl=[qpn'E + qDVn'] - q fl- n zl n '  + G 6(r - r ' ) ]  n kT 
0 0 
1 nn' n - pkT[vn + nE]=[& n ' E  + v n ' ]  t q - - q n G 6(r - r ' )  0 n 7  0 0 
By using Guass' theorem and from Eqs. (6 )  and ( 7 )  
I A=ds = I V = A  dv => [exp(-) qv - 131' = 
S V kT 
n n ( r ' )  G 
q n ( r ' J  ' - q I G 6 ( r  - r ' ) d v  = - 
v o  0 
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Equation (8) i s  s i m i l a r  t o  Uonolato's f i n a l  expression. 
because we inc lude  p o s i t i o n  dependencies o f  p, 0 and no(x)  . 
It i s  more general 
We in t roduce  t h e  m i n o r i t y  c a r r i e r  quasi-Fermi l e v e l  i n  dark, F, 
referenced t o  the  m a j o r i t y  c a r r i e r  Fermi l e v e l ,  which i s  assumed p o s i t i o n  
independent . Then, Eq. (8) becomes 3 
- 
becai 
exp (Fn( t ' ) / kT )  - 1 
I '  = - q G f f ( V )  exp(qV/kT) - 1 
se of l i n e a r i t y .  Thus we can choose V conveni 
exp(qV/kT) - 1 = 1. Then Eq. (9) becomes 
- 
I '  = - q Cexp(Fn(r ') /kT) - 11 G 
n t l y  so t h a t  
Equat ion (10) expresses that  t h e  p r o b a b l i l i t y  o f  c o l l e c t i o n  of a m i n o r i t y  
c a r r i e r  generated a t  p o i n t  r' i s  exp(Fn(r ' ) /kT) - 1. 
I n  a s i m i l a r  manner, one could prove another form of t he  r e c i p r o c i t y  
theorem apply ing t o  a quasineutra l  reg ion  i n  low i n j e c t i o n :  t h e  m i n o r i t y -  
c a r r i e r  quasi-Fermi l e v e l  a t  p o i n t  1 due t o  a p o i n t  source app l i ed  a t  p o i n t  2 
i s  t he  same as t h e  m i n o r i t y - c a r r i e r  quasi-Fermi level a t  p o i n t  2 due t o  t h e  
same source app l i ed  a t  p o i n t  1. 
These theoreins ho ld  a l s o  f o r  t rans ien ts .  Th is  i s  proved by r e p l a c i n g  n,I 
and n '  , I '  by t h e i r  Laplace transforms and by t r ans fo rm ing  the  c o n t i n u i t y  
equat i ons f o r  zero i n i  t i a1 condi t i  ons : 
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1 1 
4 
- - VaJ(s) = - (s + ;)n(s) , 
- - 1 v=J'(s) = - (s + -)n(s) 1 t G(s)G(r - r ' )  q 7 
S u b s t i t u t i o n  of Eq. (11) i n t o  (7) and (8) w i l l  g i v e  t h e  same r e s u l t  as i n  t h e  
steady s ta te .  
Equat ion (10) could be useful i n  s o l a r  c e l l  theory s ince i t  al lows t h e  
c a l c u l a t i o n  o f  s h o r t - c i r c u i t  current  from t h e  a n a l y s i s  o f  t h e  dev ice under 
dark cond i t i ons :  
where 1,2 represent  t h e  quasineutral  e m i t t e r  and base o f  t h e  c e l l  , F, i s  t h e  
m i n o r i t y  c a r r i e r  quasi-Fermi l e v e l  i n  each reg ion  i n  dark and under b i a s  V 
such t h a t  exp(qV/kT) - 1 = 1 and G i s  t he  generat ion ra te .  Equation (12) 
holds under the  same assumptions under ly ing the  proof o f  t he  r e c i p r o c i t y  
theorem and ignores generat ion i n  the space charge region. 
The major assumption i n  de r i v ing  Eq. (8)  was low l e v e l  i n j e c t i o n  so t h a t  
Low i n j e c t i o n  guarantees l i n e a r i t y  of t h e  system could be t r e a t e d  as l i nea r .  
the system even i n  the presence of the e f fec ts  of heavy doping o r  graded 
chemical composit ion. I n  t h i s  case, i n  the  equat ion -v ln  n = qE/kT, E w i l l  
be t h e  m i n o r i t y  c a r r i e r  f i e l d  which i nc ludes  the q u a s i - f i e l d s  a r i s i n g  from t h e  
p o s i t i o n  dependent energy gap e lect ron a f f i n i t y  and dens i t y  o f  s ta tes.  
0 
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. 
Therefore, the o r i g i n a l  Shockley's p roo f  o f  r e c i p r o c i t y  can be extended 
t o  h e a v i l y  doped th ree  dimensional base reg ions t o  o b t a i n  re1 a t i o n s  between 
i n p u t  vo l tayes and output  currents .  I n  t h i s  sense, Shockley's proof i s  more 
general than the  r e c e n t l y  pub1 i shed p roo f  o f  r e c i p r o c i t y  i n one- dimensi onal 
t r a n s i s t o r  base regions which takes i n t o  account heavy dopiny e f f e c t s .  
4 
The p r a c t i c a l  s i g n i f i c a n c e  of r e c i p r o c i t y  i s  t h a t  i t  can reduce t h e  
number o f  unknowns i n  a problem and reduce t h e  amount of c a l c u l a t i o n s  
3 
needed. As an example, i n  the recent paper by de l  Alamo and Swanson , t h e  
quantum e f f i c i e n c y  o f  an e m i t t e r  could have been found by i n t e g r a t i n g  
Eq. ( l o ) ,  s ince the m i n o r i t y  c a r r i e r  Fermi l e v e l  as a f u n c t i o n  o f  p o s i t i o n  was 
a1 ready numerical l y  ca l  c u l  a ted under dark condi ti ons. I n  add i t i on ,  t h e i  r 
forward and reverse t r a n s p o r t  factors and s a t u r a t i o n  cu r ren ts  are r e l a t e d  by 
the  r e l a t i o n  afJof = arJor. Thus the present r e c i p r o c i t y  theorem can f i n d  use 
i n  t h e  measurement of such device parameters as the  surface recombination 
vel  o c i  t y  a t  a p o l y c r y s t a l  1 i ne s i  1 icon contact .  
- 
A1 though no t  discussed here, r e c i p r o c i t y  re1 a t i o n s  en te r  t h e  physics o f  
many d i f f e r e n t  phenomena, such as heat conduct ion or therinoel e c t  r i  c e f f e c t  . 
These r e l a t i o n s  are based on fundamental cons ide ra t i ons  r e l a t i n g  t o  d e t a i l e d  
balance under thermal equi 1 i b r i  um and Onsajer '  s p r i n c i p l e  of microscopic  
r e v e r s i b i l i t y .  
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CHAPTER EIGHT 
AND MOBILITIES IN SILICON 
MINORITY-CARRIER DIFFUSION COEFFICIENTS 
M i n o r i t y - c a r r i e r  m o b i l i t y  i s  one o f  t h e  p r i n c i p a l  parameters de termin ing  
t h e  t r a n s p o r t  p roper t i es  o f  m ino r i t y  c a r r i e r s  i n  p-n j u n c t i o n  devices. 
m a j o r i t y - c a r r i e r  m o b i l i t y  ( c o n d u c t i v i t y  m o b i l i t y )  i s  impor tant  f o r  
de termina t ion  of the  res is tance of semiconductor regions. 
t h e o r e t i c a l  expressions f o r  t he  c o n d u c t i v i t y  m o b i l i t y  i n  bo th  the  n- and p- 
t ype  S i  a re  a v a i l a b l e  [l-61. 
f o r  t h e  m i n o r i t y  c a r r i e r s .  
m o b i l i t i e s  of e lec t rons  and holes l.~ us ing  t h e  Haynes-Shockley pulse 
method. 
ohmic drop of forward-biased p- i -n  diodes. 
determined t h e  m i n o r i t y - c a r r i e r  d i f f u s i o n  c o e f f i c i e n t s ,  ll = (kT/q)v , in  t h e  
doping range from about lOI7 ~ r n - ~  t o  about 
d i f f u s i o n  l e n g t h  o f  t h e  m i n o r i t y  c a r r i e r s  generated by 10.7 MHz o p t i c a l  , 
e x c i t a t i o n .  These recent data show good agreement w i t h  the  c o n d u c t i v i t y  
e l e c t r o n  m o b i l i t y ,  b u t  t he  hole m o b i l i t y  i n  n-type S i  was up t o  -30% h ighe r  
than t h e  ho le  c o n d u c t i v i t y  m o b i l i t y  i n  p-type S i .  
conf i rmed t h e  r e s u l t  o f  [ lo]  f o r  one va lue o f  doping (NDD = 2.6 x 10l8 
The 
Accurate data and 
Only very l i m i t e d  date are p resen t l y  a v a i l a b l e  
Pr ince [-/I measured t h e  m i n o r i t y - c a r r i e r  d r i f t  
P 
Dannhauser [81 and Krausse [9] measured the  sum (11, + p from an P 
Recently, Dziewior and S i l b e r  [ lo]  
cmm3 by measuring t h e  complex 
Rurk and de l a  Torre [ll] 
I n  con t ras t  t o  the  r e s u l t s  of [lo],  t h e  measurements of Pr ince  [7 ]  
show t h a t  bo th  pn and IJ are smaller than t h e  m a j o r i t y  c a r r i e r  values. 
poss ib le  reasons f o r  the  discrepancies are discussed i n  [lo]. 
reasons may be due t o  the  i n s u f f i c i e n t  p u r i t y  of S i  c r y s t a l s  used i n  1954 by 
Pr ince  [7]. 
Some 
P 
Add i t i ona l  
Recause of the  s c a r c i t y  of the accurate and r e l i a b l e  values f o r  m i n o r i t y -  
c a r r i e r  m o b i l i t i e s  and because of d iscrepancies among the  r e s u l t s  quoted 
above, modeling of p-n j u n c t i o n  devices i s  based on a convenient assumption o f  
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. 
equal m i n o r i t y  and m a j o r i t y  c a r r i e r  m o b i l i t i e s .  I n  a d d i t i o n  t o  [lo], several  
o the r  t h e o r e t i c a l  [12-141 and experimental [15,161 works suggested t h a t  t h e  
above assumption i s  not  v a l i d ,  p a r t i c u l a r l y  i n  h e a v i l y  doped S i .  To v e r i f y  
t h i s  assumption, we present a new and accurate method f o r  measurement o f  t h e  
m i n o r i t y - c a r r i e r  d i f f u s i o n  c o e f f i c i e n t s  i n  semiconductors. The method i s  
app l i cab le  f o r  both low and h i g h l y  doped m a t e r i a l s  and i s  demonstrated here 
* f o r  low doped S i .  
The present method i s  based on a d i r e c t  measurement of the t r a n s i t  t ime  
o f  t h e  m i n o r i t y  c a r r i e r s  through a narrow reg ion  o f  a p-n diode. Assume a p+- 
n diode i n  which the  hole d i f f u s i o n  l e n g t h  L 2 W, where W i s  t he  width o f  t h e  
n-base reg ion terminated by an ohmic contact  w i t h  recombinat ion v e l o c i t y  S .  
As was shown by Gonzalez and Neugroschel [17], t h e  r e a l  p a r t  of t h e  smal l -  
s igna l  ho le admittance f o r  frequencies w 2 1 0 / ~ ~  fo l lows t h e  ,'/' dependence 
according t o  
P 
GHF = K(0 /L ) ( w P / 2 )  1 /2 
P P P  
2 where K = (q/kT)(qA ni/NDD) exp [(qV/kT) -11 i s  a constant depending on dev ice 
area A, base doping dens i t y  N D ~ ,  temperature ni2(T), and appl ied vo l tage V, 
and T = (L2/0 ) i s  t he  hole l i f e t i m e .  
t o  t h e  low-frequency value f o r  large Sp g iven by the  standard r e l a t i o n  
The e x t r a p o l a t i o n  o f  t h i s  dependence 
P P P  
GLF = K(D /L ) coth(W/L ) g ives an i n t e r c e p t  a t  
P P P  P 
wI = (20p/LE) coth2 (W/Lp) . 
This  can be f u r t h e r  s i m p l i f i e d  f o r  (W/Lp) 5 0.3 as 
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2 wI = 2Dp/W = l / ~ ~  ( 3 )  
where T~ = W2/2D i s  the  t r a n s i t  time across t h e  base. 
P 
Equations (2 )  and (3 )  are the bas i s  o f  t h e  method proposed. The method 
requ i res  t h e  measurement o f  on l y  one parameter G F F ,  and i s  app l i cab le  f o r  any 
narrow reg ion  w i t h  known value W, regard less o f  doping. 
To demonstrate t h e  method, we show i n  Fig.  1 t h e  measured and t h e o r e t i c a l  
dependencies o f  G vs frequency f = w/2n f o r  a p+-n dev ice w i t h  NDD = 7.25 x 
1014 ~ m ' ~  and W = 310 pm. The in te rcep t  frequency i s  fI = 6.59 kHz. 
o b t a i n  Dp we use (2)  wi th  accurate ly  measured c17-191 Lp = 500 
ob ta in  Dp = 15.71 f 1 cm2/s and p = 608 2 40 cm2/Vs a t  T = 300 K. Th is  va lue  
f o r  t h e  m o b i l i t y  i s  about 30% higher than t h e  m a j o r i t y - c a r r i e r  value o f  470 
cm2/Vs [2]. 
accuracy which i s  discussed i n  more d e t a i l  below. 
P 
To 
10  vm and 
P 
The e r r o r  o f  about f 40 cm2/Vs i s  an est imated t o t a l  exper imental  
The e r r o r  i n  us ing ( 2 )  instead of ( 3 )  i s  very  smal l .  For example, a 10% 
f o r  the sample i n  F ig .  1 y i e l d s  l e s s  than 1% e r r o r  i n  Dp. e r r o r  i n  L 
e r r o r  can be e l im ina ted  by us ing th inne r  samples as shown l a t e r .  
t h e  above r e s u l t  from t h e  measured conductance we assumed a n e g l i g i b l e  
c o n t r i b u t i o n  o f  the  p+-emit ter  t o  the conductance. 
n o t i n g  t h a t  t h e  i n t e r s e c t  frequency corresponding t o  t h e  e m i t t e r  t r a n s i t  t ime 
ttE i s  f I E  = ( 1 / 2 n ) ( l / t t E )  = (1/2n)(2nn/~1E) = 109 HZ f o r  wE = 0.2 1 ~ m  and D, - 
1 cm2/s, which i s  much smal ler  than t h e  observed base fIB = 6 kHz i n  Fig.  1. 
FIote a l so  a small  hump a t  t h e  knee i n  Fig.  1, which i s  c h a r a c t e r i s t i c  o f  t h e  
base' and would disappear if the emi t te r  ( o r  shunt conductance) c o n t r i b u t i o n s  
were l a r g e r  than about 5%. The dominance o f  t h e  base was i n  a d d i t i o n  
conf i rmed by comparing the  measured dc cu r ren t  w i t h  t h a t  ca l cu la ted  from t h e  
base parameters. 
The 
I n  o b t a i n i n g  
P 
Th is  can be j u s t i f i e d  by 
> 
For f - 60 kHz,  the G vs f dependence fo r  t he  sample i n  
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Fig .  1 begins t o  bend upwards and converges t o  the  G a f 2  dependence because 
o f  t h e  e f f e c t s  o f  t h e  se r ies  res is tance o f  t h e  sample. Th is  range i s  no t  
d isp layed i n  Fig.  1. 
I n  the  samples where the  emi t te r  c o n t r i b u t i o n  i s  smal l ,  b u t  n o t  
n e g l i g i b l e ,  GHF a 
(where t h e  base c o n t r i b u t i o n  p reva i l s )  i t  converges t o  GHF = u1/2. 
then use ( 1 )  i n  the u range t o  o b t a i n  
t o l l m ,  where m < 2 a t  t h e  knee, b u t  f o r  h igher  values o f  w 
We can 
Using ( 4 )  f o r  the  dev ice from Fig,  1 we ob ta in  p 
ve ry  good agreement w i t h  t h e  608 
l a t t e r  va lue i s  more accurate because o f  l a r g e  s e n s i t i v i t y  o f  K i n  ( 4 )  t o  
677 cm2/Vs which i s  i n  
The 
P 
40 cm*/Vs value obta ined from (2) .  
ni 2 (DP a l / K Z  = l /ni4). The value of np used above was from Put ley  and 
M i t c h e l l  [ZO]: nf = (9.61 x 10 32 )T 3 exp [-1206/(kT/q)]. 
v a l i d  regard less o f  t h e  va lue of S a t  t h e  contact .  
Note a l so  t h a t  (4)  i s  
Table I summarizes t h e  r e s u l t s  from the  devices used i n  t h i s  paper. The 
conductance was measured using a Wayne-Kerf B224 b r idge  and Hew1 et t -Packard 
4274A and 4275A LCR meters. The device BJT i s  a b i p o l a r  nt-p-nt t r a n s i s t o r  
with a un i fo rm ly  doped base wi th  W = 16.5 vn and Ln = 115 um 1211. 
f o r  pn f o r  t h i s  t r a n s i s t o r  was obtained from (3)  by measuring the  frequency 
dependence of ic/vBE, which i s  equiva lent  t o  (1 )  f o r  diode. 
us ing  a b i p o l a r  t r a n s i s t o r  i s  t h a t  the  c o l l e c t o r  cu r ren t  ic always fo l l ows  t h e  
i d e a l  exp (qVBE/kT) dependence and t h a t  t h e  ic depends on the  base p r o p e r t i e s  
on ly .  The base w id th  W was measured us ing a p r e c i s i o n  mechanical i n d i c a t o r  
w i t h  a r e s o l u t i o n  of - 0.5 ~ r n  on the diode s t ruc tu res  and by angle l app ing  and 
s t a i n i n g  f o r  the  t r a n s i s t o r .  The e r r o r  i n  W was l e s s  than about 3% f o r  diodes 
The va lue  
The advantage of 
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, 
( W  = 240-310 pm) and was due mostly t o  the nonun i fo rmi ty  o f  the  l a r g e  area 
samples used (- 0.5-1 cm2). 
samples. The dopant dens i ty  was obtained by t h e  j u n c t i o n  C-V method. 
est imated o v e r a l l  e r r o r  of t he  method f o r  t h e  low-doped devices showing a good 
G = f ''2 dependence i s  about 5%. The e r r o r  w i l l  be l a r g e r  fo r  t h i n n e r  h igh  
doped devices due t o  the increased e r r o r  i n  determin ing W. 
Figures 2 and 3 show t h e  r e s u l t s  from Table I p l o t t e d  together  w i t h  t h e  
This  e r r o r  can be reduced us ing  smal le r  s i z e  
The 
r e s u l t s  from [ lo]  and one p o i n t  f rom [ll]. For comparison we a l so  show t h e  
m a j o r i t y - c a r r i e r  values by Thurber, e t  a l .  [1,2]. 
t h e  e l e c t r o n  m i n o r i t y - c a r r i e r  m o b i l i t y  i s  about t h e  same as the  m a j o r i t y -  
c a r r i e r  m o b i l i t y ,  bu t  t h e  m i n o r i t y - c a r r i e r  ho le  m o b i l i t y  i s  l a r g e r  than t h e  
Our present  data show t h a t  
corresponding m a j o r i t y - c a r r i e r  m o b i l i t y .  
i s  about 30%. 
and S i l b e r  [lo]. Temperature dependence of p and pn was a l so  s tud ied  on 
samples from Table I i n  t h e  range 300K-360K. The p r e l i m i n a r y  r e s u l t s  are t h a t  
p 
m a j o r i t y -  c a r r i e r  m o b i l i t i e s  [5,6]. 
For PIDD - 1015 cmm3 t h e  d i f f e r e n c e  
Our data are thus cons is ten t  with t h e  prev ious work o f  Dz iewior  
P 
T-" , where m 2 - 2.5, s i m i l a r  t o  the  temperature dependence o f  the  
I n  summary, a new method f o r  d i r e c t  measurement o f  t h e  m i n o r i t y - c a r r i e r  
d i f f u s i v i t y  and m o b i l i t y  was presented and demonstrated f o r  low-doped S i  . The 
method i s  accurate and requi res only a knowledge o f  geometry i n  p roper l y  
prepared t e s t  samples. S ign i  f i c a n t  d i f f e rences  (- 30%) between t h e  m i n o r i t y  
and commonly used m a j o r i t y  c a r r i e r  values were obta ined f o r  p 
found i n  good agreement w i t h  t h e  m a j o r i t y  c a r r i e r  values, 
w h i l e  p, was P '  
The measurements'can be extended t o  h igher  concentrat ions up t o  
- lozo cf3. 
because W has decrease as concentrat ion increases t o  assl ire L 2 14. 
f o r  t h e  concent ra t ion  range lo1' - lo2' 
This  however requi res measurements a t  h igher  f requencies,  
Resu l ts  
w i l l  be repor ted  separate ly .  
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c 
TABLE I 
Summary of results a t  300 K.  
~ 
pP pn Device Base Rase 
Dopant nopi ng 
(cm-3) (crn2/Vs (crn2/Vs ) 
s2 Phosphorus 7.25 x 1014 608 f 40 
5N Phosphorus 3.32 x 1015 620 f 40 
SP9 Boron 1.34 1015 1288 f 50 
BJT Boron 1.40 1015 1256 f 50 
5P Boron 6.31 1015 1200 f 100 
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FIGURE CAPTIONS 
Fig.  1. Normalized smal l -s ignal  conductance versus frequency f o r  the  sample 
S 2  from Table I. The conductance fo l l ows  t h e  G 
f o r  f - 25 kHZ. 
Minor i ty -and-major i t y -car r ie r  ho le  m o b i l i t e s  versus doping 
concent ra t ion  a t  300 K. The e r r o r  bars f o r  t h e  present data a re  a l s o  
shown. 
c a r r i e r  data g iven by Thurber e t  a l .  [Z]. 
approximate f i t  t o  the  present and prev ious m i n o r i t y - c a r r i e r  r e s u l t s  
f "2 dependence 
> 
F ig .  2. 
The s o l i d  l i n e  i s  a computer curve f i t  o f  the  m a j o r i t y -  
The broken l i n e  i s  an 
cm. 
Fig.  3. M inor i ty -and-major i t y -car r ie r  e l e c t r o n  m o b i l i t i e s  versus doping 
concent ra t ion  a t  300 K inc lud ing  e r r o r  bars f o r  t h e  present data. 
computer curve fit f o r  ma jo r i t y  e lec t rons  by Thurber e t  a l .  [l] i s  
shown f o r  cornpari son. 
A 
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CHAPTER NINE 
DISCUSSION AND RECOMMENDATION 
Heav i ly  doped p o l y s i l  i con  (Chapters Two and Three) prov ides t h e  v e h i c l e  
f o r  a new c lass  o f  s i l i c o n  so la r  c e l l  designs. 
exceed 23%. Th is  view i s  cons is ten t  with t h e  p r o j e c t i o n s  o f  C. T. Sah (see 
Chapter Two) made i n  h i s  research supported by JPL. 
U l t i m a t e  e f f i c i e n c i e s  may 
Our study descr ibed i n  Chapter Four s t r o n g l y  suggests the  v a l i d i t y  o f  t h e  
Auger-impact r a t e  c o e f f i c i e n t s  f o r  Auger band-band recombinat ion determined by 
Oziewior and Schmid (1977), despi te  t h e  views o f  o the r  workers. Chapter F i v e  
prov ides support  f o r  the  model for low m i n o r i t y - c a r r i e r  m o b i l i t i e s  i n  h i g h l y  
doped s i l i c o n  t h a t  was proposed by Neugroschel and Lindholm i n  1983, under t h e  
- -- 
support  of  JPL. 
A l l  o f  t h e  issues descr ibed i n  Chapters Two through F ive  are  c r i t i c a l  
both t o  t h e  design o f  h igh  e f f i c i e n c y  s i l i c o n  s o l a r  c e l l s ,  w i t h  t h e  a i d  o f  
computer programs (such as JPL's SEEMA programs), and t o  t h e  assessment o f  t h e  
maximum obta inab le  p r a c t i c a l  conversion e f f i c i e n c y  f o r  s i l i c o n  s o l a r  c e l l s .  
Chapter S i x  may he lp  prevent a m i s i n t e r p r e t a t i o n  o f  t h e  connect ion 
between recombinat ion 1 i f e t ime  of s t a r t i n g  ma te r ia l  and t h e  photoconduct ive- 
decay data by which i t  i s  measured. 
The genera l ized r e c i p r o c i t y  theorem o f  Chapter Seven i s  presented i n  
b r i e f  mathematical s t y l e .  
many usefu l  design r e s u l t s  w i l l  flow from it. The connect ion it prov ides 
between dark cu r ren t  and i n t e r n a l  quantum e f f i c i e n c y  i s  o u t l i n e d  as a p re lude  
I t s  app l i ca t ions  are  wide, and we a n t i c i p a t e  t h a t  
t o  f u r t h e r  uses. 
M i n o r i t y - c a r r i e r  m o b i l i t y  and  d i f f u s i v i t y  i n  d i l u t e l y  doped s i l i c o n  has 
received l i t t l e  a t t e n t i o n  s ince the work o f  Pr ince  i n  t h e  1950's.  
values have been assumed t o  be ava i l ab le  i n  t h e  standard tab les  found i n  t e x t  
and reference books. 
Appropr ia te  
Our new r e s u l t s  should be incorpora ted  i n t o  t h e  
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numerical values used i n  e i t h e r  a n a l y t i c a l  o r  computer-aided design o f  s i l i c o n  
s o l a r  c e l l  . 
More important than the r e s u l t s  o f  Chapter E igh t  i s  t he  method by which 
the r e s u l t s  are obtained. 
c a r r i e r  d i f f u s i o n  c o e f f i c i e n t  and m o b i l i t y  of h e a v i l y  doped s i l i c o n .  
determinat ion i s  essen t ia l  for  systematic design o f  s i l i c o n  s o l a r  c e l l s .  
w i l l  l ead  a l s o  t o  a determinat ion o f  t he  sur face recombination v e l o c i t y  
a d j o i n i n g  h i g h l y  doped layers.  The work o f  the Stanford group (de l  Alamo, 
Swanson, and Swirhun) supported by JPL has c l a r i f i e d  t h e  u t i l i t y  o f  
cons ide r ing  t h e  m i n o r i t y - c a r r i e r  e q u i l i b r i u m  concentrat ion and the  e f f e c t i v e  
doping concentrat ion as an inseparable, and exper imenta l ly  determinable, 
An extension of t h i s  method can y i e l d  t h e  m i n o r i t y -  
This 
It 
\ 
quo t ien t .  Th is  u t i l i t y  extends only  t o  devices f o r  which t h e  h e a v i l y  doped 
l a y e r s  end a t  surfaces having very l a r g e  sur face recombination v e l o c i t y  S. 
When t h e  sur face is passivated, the m i n o r i t y - c a r r i e r  d i f f u s i v i t y  must be 
determined t o  y i e l d  S, and S and e f f e c t i v e  doping concentrat ion must 
apparent ly  be separately determined exper imenta l ly .  
w i l l  have such pass ivat ion,  t h i s  becomes a key issue. 
method o f  Chapter E igh t  w i l l  be par t  o f  our approach toward the  s o l u t i o n  of 
t h i s  design and analys is  problem. 
Because most s o l a r  c e l l  s 
Fu r the r ing  o f  t he  
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